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Preface to ”Modeling of Liquids Behavior:

Experiments, Theory and Simulations”

The subject of this Special Issue is the determination and modeling of the physical and

thermodynamic properties of both pure liquids, as well as binary and ternary liquid mixtures

containing organic and inorganic materials using modern experimental and computational methods.

Special emphasis is given to studies that report the latest technical and theoretical results concerning

the properties and processes of industrial significance.

The authors of the fourteen papers contained in this Special Issue are experts in their respective

fields of solution thermodynamics and computational chemistry, and they have made significant

contributions to the understanding of solute–solvent and solvent–solvent molecular interactions in

liquid solutions. They have collaborated to create an informative and valuable scientific resource

for academicians, as well as scientists and engineers working in the chemical and pharmaceutical

manufacturing sectors.

Specific topics covered in the Special Issue include the prediction of drug molecules in both

neat and binary solvent mixtures; preferential solvation of solvent molecules around a dissolved

solute; the development of Abraham model correlations for describing solute transfer into three alkyl

acetate mono-solvents; an atom additivity model to estimate molar refractivity and polarizability

of organic compounds; a novel solution calorimetric method for determining enthalpies of fusion;

deciphering the role of fluorous liquids through density and dynamic viscosity measurements;

the extraction of valuable thermodynamic information from published databases using linear free

energy relationships and equation-of-state thermodynamic models; estimation of surface tension and

equivalent carbon atom number using solvation parameters; an artificial intelligence model and an

adaptive neuro-fuzzy inference system for calculating the densities and refractive indices of binary

ionic liquid mixtures containing common cations/anions; application of group contribution methods

to calculate thermodynamic properties pertaining to the industrial cyclohexanone production; the

importance of cavity creation for processes occurring in water; and thermodynamic modeling of

mineral scaling in both high-temperature and high-pressure aqueous environments. Each paper

provides valuable insight into the underlying fundamental principles that govern the studied

processes. The predictive expressions and models presented in the published papers will enable

practicing scientists and engineers to estimate physical and thermodynamic properties needed in

industrial process design calculations.

William E. Acree, Jr. and Juan Ortega Saavedra

Editors
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Article

Increasing the Equilibrium Solubility of Meloxicam in
Aqueous Media by Using Dimethyl Sulfoxide as a Cosolvent:
Correlation, Dissolution Thermodynamics and Preferential
Solvation

Darío A. Tinjacá 1, Fleming Martínez 2,*, Ovidio A. Almanza 3, M. Ángeles Peña 4, Abolghasem Jouyban 5,6 and

William E. Acree, Jr. 7

1 Facultad de Ciencias, Universidad El Bosque, Av. Cra. 9 No. 131A-02, Bogotá 110911, Colombia
2 Grupo de Investigaciones Farmacéutico-Fisicoquímicas, Departamento de Farmacia, Facultad de Ciencias,

Universidad Nacional de Colombia, Sede Bogotá, Cra. 30 No. 45-03, Bogotá 111321, Colombia
3 Grupo de Física Aplicada, Departamento de Física, Facultad de Ciencias, Universidad Nacional de Colombia,

Sede Bogotá, Cra. 30 No. 45-03, Bogotá 111321, Colombia
4 Departamento de Ciencias Biomédicas, Facultad de Farmacia, Universidad de Alcalá, Alcalá de Henares,

28801 Madrid, Spain
5 Pharmaceutical Analysis Research Center, Faculty of Pharmacy, Tabriz University of Medical Sciences,

Tabriz 5165665931, Iran
6 Faculty of Pharmacy, Near East University, 99138 Nicosia, Turkey
7 Department of Chemistry, University of North Texas, Denton, TX 76203, USA
* Correspondence: fmartinezr@unal.edu.co; Tel.: +571-3165000 (ext. 14608)

Abstract: Meloxicam is widely prescribed as an analgesic and anti-inflammatory drug in human
therapeutics. Owing the very low aqueous solubility of meloxicam, this property has been studied
in dimethyl sulfoxide (DMSO)-aqueous solvent systems at several temperatures from 273.15 to
313.15 K to expand the solubility database about analgesic drugs in mixed solvents. The flask shake
method followed by ultraviolet-visible (UV-vis) spectrophotometry analysis were used for meloxicam
solubility determinations. A number of cosolvency models, including the Jouyban–Acree model, were
challenged for solubility correlation/prediction of this drug in these mixtures. The van’t Hoff and
Gibbs equations were employed to calculate the apparent standard thermodynamic quantities relative
to dissolution and mixing processes. The inverse Kirkwood–Buff integral method was employed for
calculating the preferential solvation parameters of meloxicam by DMSO in the mixtures. Meloxicam
solubility increases with increasing temperature and maximum solubilities are observed in neat
DMSO at all temperatures studied. Dissolution processes were endothermic in all cases and entropy-
driven in the composition interval of 0.40 ≤ x1 ≤ 1.00. A nonlinear enthalpy–entropy relationship
was observed in the plot of enthalpy vs. Gibbs energy for drug transfer processes. Meloxicam is
preferentially solvated by water in water-rich mixtures but preferentially solvated by DMSO in the
composition interval of 0.21 < x1 < 1.00.

Keywords: meloxicam; {DMSO (1) + water (2)} mixtures; cosolvency; Jouyban–Acree model; dissolution
thermodynamics; preferential solvation; IKBI

1. Introduction

Meloxicam (molecular structure shown in Figure 1, IUPAC name: 4-hydroxy-2-methyl-
N-(5-methyl-2-thiazolyl)-2H-1,2-benzothiazine-3-carboxamide-1,1-dioxide, molar mass
351.40 g·mol−1, CAS number: 71125-38-7, PubChem CID: 54677470) is a non-steroidal
anti-inflammatory drug used commonly for pain and inflammatory treatments [1–5]. From
a physicochemical point of view, meloxicam exhibits very low aqueous solubility, which
influences negatively in vivo dissolution rates, affecting its biological performance. Oth-
erwise, because of the very low aqueous solubility of this drug, all the duties relative

Liquids 2022, 2, 161–182. https://doi.org/10.3390/liquids2030011 https://www.mdpi.com/journal/liquids
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to research and development of homogeneous liquid dosage forms, such as peroral or
injectable products, based on this drug, are very long and hard at an industrial pharma-
ceutical level. In order to overcome the drawbacks mentioned above, some investigations
have been intended to increase the aqueous equilibrium solubility of meloxicam. These in-
vestigations were mainly based in the evaluation of the solubilizing effect of some common
pharmaceutical cosolvents, as has recently been summarized in a previous communication
of our research group [6]. More recently, some other aqueous mixtures involving different
cosolvents, including choline-based deep eutectic solvents, have also been studied and
reported [7–11]. It is noteworthy that very good meloxicam solubility-increasing has been
reported, reaching more than 1000-fold in some cases, as follows: 1144 with Carbitol® [9],
1399 with N-methylformamide [6], and 11,233 with N,N-dimethylformamide [6].

 
Figure 1. Molecular structure of meloxicam.

Dimethyl sulfoxide (molar mass: 78.13 g·mol−1, CAS number: 67-68-5, PubChem
CID 679) is a polar, aprotic solvent, miscible with water and with a wide range of organic
solvents in all possible compositions, which makes it adequate for dissolving substances of
both polar and nonpolar nature [1,12]. It exhibits less toxicity than N-methylformamide
and N-methyl-2-pyrrolidone and has been reported about its good power of penetrating
the skin and other membranes without damaging them. This is the reason why it has a high
potential to increase the penetration of less soluble active ingredients. Otherwise, DMSO
exhibits by itself some analgesic and anti-inflammatory properties [13]. Indeed, there
are some references in the literature that suggest the potential use of DMSO as a possible
pharmacotherapeutic agent in the management of pain and other conditions [14]. Moreover,
owing its high solubilizing power for different active pharmaceutical ingredients, it has
been used as an excipient in topical and parenteral medications for human and veterinary
use [15]. On the other hand, DMSO has also been considered as solvent model in medicinal
chemistry for studying intermolecular effects of different drugs [16]. In this way, aqueous
mixtures of DMSO have been studied for solubilizing several drugs, drug-alike compounds,
and other organic chemicals, including bergenin [17], N-guanylurea dinitramide [18],
naringin [19], sinapic acid [20], p-nitrobenzamide [21], d-histidine [22], micoflavin [23],
phenformin [24], baricitinib [25], a pyridazinone derivative [26], and nicotinamide [27],
among others.

As it is well-described in the specialized chemical and pharmaceutical literature, all
the physicochemical data about the equilibrium solubility of drugs or drug-alike com-
pounds in aqueous cosolvent mixtures, as well, as the deep understanding of the respective
dissolution mechanisms, are very important for both theoretical and practical points of
view in pharmaceutical and chemical sciences. This is because the measured, reported, and
analyzed solubility values expand the respective solubility databases, which is very useful
for theoretical and practical purposes in both the pharmaceutical and chemical industries,
as indicated above [28–31].

Therefore, the main aims of this research were as follows: (i) to determine and analyze
the effects of both mixtures’ composition and temperature on the solubility of meloxicam
in {DMSO (1) + water (2)} mixtures; (ii) to correlate equilibrium solubility data with several
well-known thermodynamic models; (iii) to calculate the apparent standard dissolution and
mixing thermodynamic parameters; and (iv) to study the preferential solvation parameters

2
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of meloxicam in binary mixtures conformed by DMSO and water. Therefore, this research is
a continuation of some other similar ones reported earlier in the literature [6–9,11,32] about
the meloxicam equilibrium solubility in other aqueous cosolvent systems of pharmaceutical
interest for design of dosage forms and its quality control analysis, but using another
commonly used cosolvent because of its high solubilizing power.

2. Materials and Methods

2.1. Materials and Reagents

Meloxicam (Technodrugs & Intermediates PVT LTD, component 3, purity > 0.995 in
mass fraction), DMSO (Panreac, component 1, purity > 0.995 in mass fraction), and distilled
water with conductivity < 2 μS·cm−1 (component 2), were used. Purities of meloxicam
and DMSO were reported by the suppliers, as determined by high-performance liquid
chromatography and gas chromatography, respectively.

2.2. Preparation of Solvent Mixtures

All the {DMSO (1) + water (2)} binary solvent mixtures were prepared gravimetrically
by using an Ohaus Pioneer TM PA214 analytical balance (USA, sensitivity ± 0.1 mg), in
quantities of 50.00 g. The mole fractions of DMSO of the nine mixtures prepared, varied
by 0.10 in steps from x1 = 0.10 to x1 = 0.90.

2.3. Solubility Determinations

Equilibrium meloxicam solubilities were determined by using the shake-flask method [33],
followed by UV-spectrophotometric analysis, as follows: an excess amount of meloxicam
was added to 50.00 g of each binary solvent mixture or neat DMSO in dark glass pharmaceu-
tical flasks. The stoppered flasks were putted in an ultrasonic bath (Elma® E60H Elmasonic,
Fremont, CA, USA) during 15 min and were later transferred to thermostatic mechanical
shakers (Julabo SW23, Seelbach, Germany) or re-circulating thermostatic baths (Neslab
RTE 10 Digital One Thermo Electron Company, Waltham, MA, USA) and kept at 313.15 K
for at least four days to ensure that the drug saturation had been achieved. After that, the
supernatant solutions were isothermally filtered (Millipore Corp. Swinnex®-13, Burlington,
MA, USA) to remove undissolved solid particles before sampling. Meloxicam concentra-
tions were determined after appropriate gravimetric dilution with a 0.10 mol·dm−3 NaOH
solution, by measuring the UV light absorbance at the maximum absorbance wavelength,
λmax = 361 nm (UV/VIS BioMate 3 Thermo Electron Company spectrophotometer, USA),
followed by interpolation from a previously validated UV spectrophotometric gravimetric
calibration curve prepared in NaOH 0.10 mol·dm−3. The respective equation was: Ab-
sorbance = 0.0073 + 52.508·C, with C expressed as μg·g−1. Later, the thermostatic baths
temperature was decreased from 313.15 K to 308.15 K allowing the meloxicam excess
precipitation during two days, following with the same procedures mentioned above to
determine the new meloxicam concentrations at saturation. All these procedures were
performed successively until solid-liquid equilibrium was achieved at 293.15 K. All the
solubility experiments were performed at least three times and the respective results were
averaged. The density of the saturated solutions was measured by using a digital density
meter (DMA 45 Anton Paar, Graz, Austria) connected to a re-circulating thermostatic bath
(Neslab RTE 10 Digital One Thermo Electron Company, USA) in order to transform the
obtained gravimetric solubility values into volumetric concentration scales. The density
meter was calibrated at every temperature by using air and water as standards as indicated
in the respective instruction manuals [34].

2.4. Solid Phase Analyses
2.4.1. X-ray Diffraction (XRD) Analysis

To determine the crystal nature of the solid meloxicam samples both before and after
the saturation in neat water, in the mixture of x1 = 0.50, and in neat DMSO, the respective
X-ray powder diffraction analyses were performed by using a PANalytical Xpert Pro X-ray

3
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diffractometer. The equipment is provided with CuKα radiation λ = 1.5418 Å. Generator
setting: 40 kV and 40 mA and Bragg–Brentano geometry. Data were collected at 2θ from 5◦
to 70◦ and angle variation of 0.02◦ with detector data acquisition time of 9.46 min operating
under room temperature.

2.4.2. Fourier Transform Infrared (FTIR) Analysis

In additional to XRD analyses, in order to confirm the nature of the solid meloxicam
samples, both before and after the saturation in neat water, in the mixture of x1 = 0.50, and
in neat DMSO, FTIR analyses were also performed. The meloxicam solid samples were
ground with quantities from 10 to 100 times its bulk of pure potassium bromide and the
resulting mixtures were pressed into discs by using a special mold and a manual hydraulic
press (Specac®, Fort Washington, PA, USA). The respective spectra were obtained in an
FTIR spectrophotometer (IRAffinity-1, Shimadzu, Kyoto, Japan).

3. Results and Discussion

3.1. Experimental Mole Fraction and Molarity Solubility

Tables 1 and 2 summarize the experimental equilibrium solubilities of meloxicam
in all {DMSO (1) + water (2)} solvent systems at 293.15 ≤ T/K ≤ 313.15, as expressed in
mole fraction and molarity (mol·dm−3), respectively. The studied temperature interval
includes what is commonly known as “room temperature” for products storage, as well
as, the normal human body temperature. It is worth mentioning that all solubility values
in neat water were taken from reference [32]. The average relative uncertainty obtained
in the reported solubility values was 2.4%, which is in agreement with that commonly ob-
served in this kind of experiments. If the mole fraction scale is considered, at T = 298.15 K,
Table 1 shows that the meloxicam solubility increased 6956 times from x3 = 1.137 × 10−6

in neat water to x3 = 7.909 × 10−3 in neat DMSO, where maximum solubility is obtained.
A deep comparison about the meloxicam solubility in neat water has been reported and
discussed earlier in one of our previous communications [6]. Regarding the meloxicam
mole fraction equilibrium solubility in neat DMSO Sathesh-Babu et al. reported a value
of x3 = 5.496 × 10−3 at T = 298.15 K [35], which is in good agreement with the one ob-
tained in this research (i.e., x3 = 7.909 × 10−2, Table 1). Moreover, when considering the
molarity scale, a value of C = 1.516 × 10−2 mol·dm−3 was reported by Castro et al. at
T = 298.15 K [36], which differs in almost one order of magnitude regarding our value
(i.e., C = 0.1089 mol·dm−3, Table 2). The observed differences in solubility values could
be attributed to several reasons such as different polymorphic states, different saturation
times, or different analytical procedures, among others, as described earlier [31]. Up to the
best of our knowledge, no solubility values of meloxicam in aqueous mixtures of DMSO
have been reported and no more comparisons are possible.

Figure 2 depicts the meloxicam solubility profiles as function of the Hildebrand
solubility parameters (δ1+2) of {DMSO (1) + water (2)} mixtures at T = 298.15 K. As widely
described, δ1+2 is a very important polarity descriptor of cosolvent mixtures [28–31]. This
descriptor was calculated considering the Hildebrand solubility parameter of both pure
solvents (δ1 = 26.6 MPa1/2 for DMSO and δ2 = 47.8 MPa1/2 for water [37,38]), and the
volume fraction (fi) of each solvent, as [29,39]:

δ1+2 =
2

∑
i=1

fiδi (1)

4
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Table 1. Experimental mole fraction solubility (x3) of meloxicam in {DMSO (1) + water (2)} mixtures
at several temperatures and p = 96 kPa a,b.

x1
a,b

T/K b

293.15 298.15 303.15 308.15 313.15

0.000 c 1.088 × 10−6 1.137 × 10−6 1.187 × 10−6 1.262 × 10−6 1.329 × 10−6

0.100 3.394 × 10−6 3.497 × 10−6 3.656 × 10−6 3.800 × 10−6 3.909 × 10−6

0.200 7.879 × 10−6 8.835 × 10−6 9.860 × 10−6 1.067 × 10−5 1.182 × 10−5

0.300 2.303 × 10−5 2.705 × 10−5 3.104 × 10−5 3.777 × 10−5 4.406 × 10−5

0.400 9.685 × 10−5 1.124 × 10−4 1.355 × 10−4 1.567 × 10−4 1.892 × 10−4

0.500 3.461 × 10−4 3.972 × 10−4 4.788 × 10−4 5.510 × 10−4 6.719 × 10−4

0.600 7.750 × 10−4 9.861 × 10−4 1.303 × 10−3 1.643 × 10−3 2.012 × 10−3

0.700 1.509 × 10−3 1.878 × 10−3 2.260 × 10−3 2.885 × 10−3 3.655 × 10−3

0.800 2.739 × 10−3 3.339 × 10−3 3.954 × 10−3 4.996 × 10−3 6.230 × 10−3

0.900 4.337 × 10−3 5.298 × 10−3 6.245 × 10−3 7.742 × 10−3 9.553 × 10−3

1.000 6.624 × 10−3 7.909 × 10−3 9.187 × 10−3 1.135 × 10−2 1.381 × 10−2

Ideal c 2.607 × 10−3 3.079 × 10−3 3.627 × 10−3 4.260 × 10−3 4.991 × 10−3

a p is the atmospheric pressure in Bogotá, Colombia. x1 is the mole fraction of DMSO (1) in the
{DMSO (1) + water (2)} mixtures free of meloxicam (3). Mean uncertainty in x1, u(x1) = 0.0005. b Standard
uncertainty in p is u(p) = 3.0 kPa. Average relative uncertainty in x3, ur(x3) = 0.024. Standard uncertainty in T is
u(T) = 0.10 K. c Data taken from Delgado et al. [32].

Table 2. Experimental molar solubility (C, mol·dm–3) of meloxicam in {DMSO (1) + water (2)}
mixtures at several temperatures and p = 96 kPa. a,b

x1
a,b

T/K b

293.15 298.15 303.15 308.15 313.15

0.000 c 6.025 × 10−5 6.290 × 10−5 6.557 × 10−5 6.962 × 10−5 7.319 × 10−5

0.100 1.475 × 10−4 1.516 × 10−4 1.582 × 10−4 1.640 × 10−4 1.683 × 10−4

0.200 2.818 × 10−4 3.150 × 10−4 3.506 × 10−4 3.780 × 10−4 4.176 × 10−4

0.300 6.963 × 10−4 8.153 × 10−4 9.328 × 10−4 1.131 × 10−3 1.315 × 10−3

0.400 2.525 × 10−3 2.923 × 10−3 3.512 × 10−3 4.043 × 10−3 4.864 × 10−3

0.500 7.909 × 10−3 9.034 × 10−3 1.087 × 10−2 1.245 × 10−2 1.512 × 10−2

0.600 1.575 × 10−2 1.992 × 10−2 2.622 × 10−2 3.288 × 10−2 4.006 × 10−2

0.700 2.753 × 10−2 3.409 × 10−2 4.081 × 10−2 5.176 × 10−2 6.522 × 10−2

0.800 4.531 × 10−2 5.485 × 10−2 6.459 × 10−2 8.099 × 10−2 0.1002

0.900 6.552 × 10−2 7.942 × 10−2 9.297 × 10−2 0.1144 0.1398

1.000 9.195 × 10−2 0.1089 0.1255 0.1536 0.1851
a p is the atmospheric pressure in Bogotá, Colombia. x1 is the mole fraction of DMSO (1) in the
{DMSO (1) + water (2)} mixtures free of meloxicam (3). Mean uncertainty in x1, u(x1) = 0.0005. b Standard
uncertainty in p is u(p) = 3.0 kPa. Average relative uncertainty in C, ur(C) = 0.024. Standard uncertainty in T is
u(T) = 0.10 K. c Data taken from Delgado et al. [32].

As observed, the solubility curve exhibited maximum in neat DMSO, where δ1 is
26.6 MPa1/2. Because solutes normally reach their maximum solubilities in solvent systems
exhibiting similar polarity [28,29], it is expected that the meloxicam δ3 value would be lower
than 26.6 MPa1/2 at 298.15 K. However, this δ3 value is lower compared with the one reported
earlier (δ3 = 32.1 MPa1/2) [6] calculated by means of the Fedors method [40]. This high discrep-
ancy could be mainly attributed to specific drug solvation processes by DMSO or water, which
are not considered in Fedors’ calculations, in particular, if considering the structural effects
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described for aqueous mixtures of DMSO [41,42]. Otherwise, Figure 2 also compares the
logarithmic solubility of meloxicam as function of the Hildebrand solubility parameter in
some aqueous-aprotic cosolvent mixtures, namely, {DMSO (1) + water (2)}, {dimethyl for-
mamide (1) + water (2)} [6], and {acetonitrile (1) + water (2)} [7], mixtures at 298.15 K. It is
noteworthy that meloxicam solubilities are highest in {dimethyl formamide (1) + water (2)}
mixtures followed by {DMSO (1) + water (2)} mixtures of δ1+2 < 34.0 MPa1/2 and lowest in
{acetonitrile (1) + water (2)} mixtures of δ1+2 < 34.0 MPa1/2. Otherwise, in mixtures of
δ1+2 > 34.0 MPa1/2, the solubilities in aqueous mixtures of DMSO and acetonitrile are
similar. This result shows that meloxicam solubility depends not only on the polarity but
also on some other physicochemical properties of solute and solvent systems.

 
Figure 2. Logarithmic mole fraction solubility of meloxicam (ln x3) as function of the Hildebrand
solubility parameter in some {cosolvent (1) + water (2)} mixtures at 298.15 K. •: DMSO (1) + water (2),
♦: Dimethylformamide (1) + water (2) [6], Δ: acetonitrile (1) + water (2) [7].

3.2. Solid Phases’ Analyses

X-ray diffraction (XRD) spectra for meloxicam of the original untreated sample and
after its saturation in neat water, neat DMSO, and the aqueous-DMSO mixture of x1 = 0.50
are shown in Figure 3. Because of the high similarity among all obtained spectra, it
could be concluded that changes of the crystalline form of meloxicam are not observed
after its dissolution and saturation in these four solvent systems. Moreover, Table 3
summarizes the position, 2q spacing, peak height (in counts), and the relative intensity
of peaks exhibiting values higher than 10% for the original untreated meloxicam sample.
These values are in good coincidence with those reported by Wu et al. [43]. Moreover,
all the obtained XRD spectra of this research are very similar to that reported earlier for
the polymorph I of meloxicam [32,44–47]. Finally, the FTIR spectra of all solid meloxicam
samples shown in Figure 4 are also coincident with those reported in the literature, which
allows to indicate that the three bottom-solid phases, obtained after drug saturation, have
the same nature as the original untreated sample [47–49]. Therefore, meloxicam did
not suffer crystal polymorphic transitions or solvates formation after saturation in these
dissolution experiments.
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Figure 3. X-ray diffraction spectra of meloxicam. From top to bottom: crystallized in water, crystal-
lized in {DMSO (1) + water (2)} (x1 = 0.50) mixture, crystallized in DMSO, original sample.

Table 3. X-ray diffraction analysis of the original untreated meloxicam sample: position, 2q spacing,
peak height (in counts) and relative intensity of peaks with values higher than 10%.

Peak 2θ d-Spacing/Å Height/Counts Relative Intensity (%)

1 12.98 6.81 3752.7 34.0

2 13.41 6.60 1909.4 17.3

3 14.89 5.95 6361.9 57.7

4 17.80 4.98 1376.8 12.5

5 18.57 4.77 4630.4 42.0

6 19.20 4.62 2633.3 23.9

7 20.39 4.35 1483.6 13.5

8 21.93 4.05 1346.4 12.2

9 23.11 3.85 1185.2 10.8

10 25.40 3.50 1325.3 12.0

11 25.79 3.45 11,029.5 100.0

12 26.27 3.39 2203.8 20.0

13 29.47 3.03 1585.0 14.4

14 39.75 2.27 1853.3 16.8

Figure 4. FTIR spectra of meloxicam. From top to bottom: original sample, crystallized in DMSO,
crystallized in {DMSO (1) + water (2)} (x1 = 0.50) mixture, crystallized in water.
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3.3. Activity Coefficients in Mixed Solvents

Table 4 summarizes the asymmetrical activity coefficients (γ3) of meloxicam in all the
{DMSO (1) + water (2)} solvent systems. These values were calculated as the quotient xid

3 /x3
from the ideal (xid

3 ) and experimental solubilities of meloxicam summarized in Table 1. It is
noteworthy that ideal solubilities were taken from the literature [32]. As observed, the γ3
values vary from 2708 in neat water (where the lower drug solubilities are observed) to
0.389 in neat DMSO at T = 298.15 K, where the maximum drug solubility is observed at
this temperature. At all temperatures, meloxicam exhibits γ3 values higher than unity in
neat water and the mixtures of x1 ≤ 0.70, but lower than unity in DMSO-rich mixtures and
neat DMSO. On the other hand, in neat water and the mixtures of x1 = 0.10 and 0.20, the
γ3 values increase with an increase in temperature. This implies some distancing from the
ideal dissolution behavior with increasing temperature. In mixtures of 0.30 ≤ x1 ≤ 0.50, the
γ3 values are almost independent on temperature. On the contrary, in mixtures of x1 ≥ 0.60
and neat DMSO, the γ3 values decrease with the increase in temperature.

Table 4. Activity coefficients of meloxicam in {DMSO (1) + water (2)} mixtures at several temperatures
and p = 96 kPa a,b.

x1
a,b

T/K b

293.15 298.15 303.15 308.15 313.15

0.000 c 2396 2708 3055 3376 3755

0.100 768 881 992 1121 1277

0.200 331 349 368 399 422

0.300 113 114 117 113 113

0.400 26.9 27.4 26.8 27.2 26.4

0.500 7.53 7.75 7.57 7.73 7.43

0.600 3.36 3.12 2.78 2.59 2.48

0.700 1.73 1.64 1.60 1.48 1.37

0.800 0.952 0.922 0.917 0.853 0.801

0.900 0.601 0.581 0.581 0.550 0.522

1.000 0.394 0.389 0.395 0.375 0.361
a p is the atmospheric pressure in Bogotá, Colombia. x1 is the mole fraction of DMSO (1) in the
{DMSO (1) + water (2)} mixtures free of meloxicam (3). Mean uncertainty in x1, u(x1) = 0.0005. b Standard
uncertainty in p is u(p) = 3.0 kPa. Average relative uncertainty in γ3 is ur(γ3) = 0.027. Standard uncertainty in T is
u(T) = 0.10 K. c Data taken from Delgado et al. [32].

Moreover, Equation (2) allows a rough estimate of the magnitudes of solute–solvent
intermolecular interactions from γ3 values [50].

ln γ3 = (ess + e33 − 2es3)
V3 ϕ2

s
RT

(2)

where subscript 1 stands for the solvent system that here corresponds to neat solvents
or aqueous DMSO binary mixtures, ess, e33, and es3 represent the magnitudes of solvent–
solvent, solute–solute, and solvent–solute interaction energies, respectively. However, it
is important to keep in mind that in the case of ternary systems, such as DMSO-water-
meloxicam studied here, some water–cosolvent interactions are present, which could also
play an important role in drug solubilities and dissolution rates. V3 denotes the molar
volume of the super-cooled liquid meloxicam, whereas, ϕs denotes the volume fraction
of every solvent system. For low x3 solubility values, V3 ϕs

2/RT may be considered as
constant despite of the solvent system. Hence, γ3 values would depend mainly on ess,
e33, and es3 [50]. As is well-known, ess and e33 are unfavorable for drug solubility and
dissolution, whereas es3 favors the respective drug solubility and dissolution rate increasing.
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The contribution of e33 could be considered as constant in the different solvent systems
studied. Thus, from a qualitative viewpoint, based on the energetic quantities described
in Equation (2), the following analysis could be established: because ess is highest in neat
water (δ2 = 47.8 MPa1/2) and lowest in neat DMSO (δ1 = 26.6 MPa1/2) [37,38], neat water
and water-rich mixtures (exhibiting γ3 values higher than 2300) would imply high ess and
low es3 values, whereas, in DMSO-rich mixtures (exhibiting γ3 values near the unity), the
ess values are relatively low, and therefore, the es3 values would be high. In this way, a
higher solvation of meloxicam by DMSO in DMSO-rich mixtures is expected.

3.4. Solubility Modeling

Among the available cosolvency models presented for calculation of drug solubilities
in mixed solvents at isothermal condition or at various temperatures [51,52], the Yalkowsky
model is the simplest one [53] and requires only two experimental solubility determinations
(in neat solvents) to predict the solubility at other solvent compositions. The Yalkowsky
model is commonly represented as:

ln x3−(1+2) = x1 ln x3(1) + x2 ln x3(2) (3)

where x3−(1+2) denotes the mole fraction solubility of meloxicam in the aqueous-cosolvent
mixtures, x3(1) denotes the mole fraction solubility in neat DMSO (component 1), x3(2)
denotes the mole fraction solubility in neat water (component 2), and x1 and x2 are the
mole fractions of DMSO (1) and water (2) in the cosolvent mixtures in the absence of
meloxicam (3). Thus, the obtained mean percentage deviation (MPD) values after calcu-
lation of the solubility of meloxicam in {DMSO (1) + water (2)} mixtures at T = (293.15,
298.15, 303.15, 308.15, and 313.15) K by means of this model were (41.3, 42.9, 44.8, 45.6, and
46.7)%, respectively, with the overall MPD of 44.2%. The numerical values of the MPD
were computed using:

MPD =
100
N ∑

∣∣∣xcalc
3 − x3

∣∣∣
x3

(4)

where N is the number of experimental data points.
As mentioned above, Equation (3) is capable of estimating drug solubility in cosolvent

mixtures at individual T using only the drug solubility data in the mono-solvents at this T.
However, it could be extended to obtain:

ln x3(1+2),T = x1

(
A1 +

B1

T

)
+ x2

(
A2 +

B2

T

)
(5)

to be applied at various temperatures (x3(1+2),T) using a single equation. In Equation (5), A
and B terms are the model constants [54]. The trained model for solubility of meloxicam in
{DMSO (1) + water (2)} mixtures is:

ln x3(1+2),T = x1

(
6.419 − 3357.251

T

)
+ x2

(
−10.582 − 924.993

T

)
(6)

which resulted in the MPD of 44.4%.
The main limitation of the Yalkowsky model is that it does not consider any more

interaction term after mixing the solutions and considers the mixing behavior as an ideal
one. The Jouyban–Acree model includes as many as required interaction terms (Ji terms)
to describe the non-ideality of the mixing and produced the most accurate results in
correlating drug solubility data in binary solvent mixtures at various temperatures. The
model is presented as [51]:

ln x3(1+2),T = x1 ln x3(1),T + x2 ln x3(2),T +
( x1x2

T

) 2

∑
i=0

Ji(x1 − x2)
i (7)
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where Ji terms are the respective model constants that are computed by using a non-
intercept least square analysis [31]. Accordingly, the generated solubility values of meloxi-
cam in {DMSO (1) + water (2)} were fitted to Equation (7) and the obtained trained
model was:

ln x3(1+2),T = x1 ln x3(1),T + x2 ln x3(2),T +
( x1x2

T

)[
1707.481 + 1045.950(x1 − x2)− 1264.920(x1 − x2)

2
]

(8)

The F value of Equation (8) was 791 and the adjusted correlation coefficient (R) was
0.979, whereas the correlation and the model constants were significant with p < 0.0005.
Equation (8) is valid for calculating the solubility of meloxicam in different {DMSO (1) + water (2)}
mixtures at various temperatures or mixtures-composition of interest, by employing the
solubility data of meloxicam in neat DMSO and neat water at each temperature. The
obtained MPD for the back-calculated solubility data of meloxicam when using Equation (8)
was 9.6%.

Although Equation (8) provided an accurate correlation for the solubility of meloxicam
in these {DMSO (1) + water (2)} mixtures, it requires the experimental solubility data
in mono-solvents (i.e., x3(1),T and x3(2),T) at any temperature of interest to calculate the
solubility of meloxicam in the required binary solvent mixtures. However, one may
combine the trained version of Equation (5) with Equation (7) to provide a full predictive
model, obtaining the following:

ln x3(1+2),T = x1

(
6.419 − 3357.251

T

)
+ x2

(
−10.582 − 924.993

T

)
+
( x1x2

T
)[

1707.332 + 1046.323(x1 − x2)− 1265.293(x1 − x2)
2
] (9)

Equation (9) allows to calculate the solubilities of meloxicam in all these binary mix-
tures at various temperatures with an MPD of 9.9% and it does not require any experimental
input data. The F and R values for Equation (9) were 787 and 0.978, respectively. For prac-
tical applications of Equation (9), one may train the model using the minimum number
of seven experimental solubility points, and then, predict the rest of required data in any
aqueous-DMSO mixture composition and temperature of interest, as has been exemplified
in the literature [55]. When the model was trained with the solubility data in DMSO and
water at T = (293.15 and 313.15) K (i.e., the lowest and highest temperatures) and in x1 = 0.3,
0.5 and 0.7 at T = 298.15 K (total 7 data points), the rest of the data points were predicted
with the MPD of 18.7% (N = 48).

In a previous work [56], generally trained version of the Jouyban–Acree–Abraham and
Jouyban–Acree–Hansen models were presented for predicting the solubility of meloxicam
in various binary solvent mixtures. These models are:

ln xm,T = w1 ln x1,T + w2 ln x2,T

+
( x1x2

T
)
⎡⎢⎢⎢⎣

1285.932 + 1413.305(c1 − c2)
2 + 5976.117(e1 − e2)

2

−148.762(s1 − s2)
2 − 230.735(a1 − a2)

2

−50.130(b1 − b2)
2 + 243.383(v1 − v2)

2

⎤⎥⎥⎥⎦

+
(

w1w2(w1−w2)
T

)⎡⎢⎢⎢⎣
−238.740 + 1753.598(c1 − c2)

2 − 5123.773(e1 − e2)
2

−114.361(s1 − s2)
2 + 46.071(a1 − a2)

2

+43.967(b1 − b2)
2 − 163.838(v1 − v2)

2

⎤⎥⎥⎥⎦

+

(
w1w2(w1−w2)

2

T

)⎡⎢⎢⎣
358.925 − 862.281(c1 − c2)

2 + 6965.842(e1 − e2)
2

+383.849(s1 − s2)
2 + 97.860(a1 − a2)

2 − 44.224(b1 − b2)
2

+162.067(v1 − v2)
2 − 13.147(a1b1 − a2b2)

2

⎤⎥⎥⎦

(10)
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and
ln xm,T = w1 ln x1,T + w2 ln x2,T

+
( x1x2

T
)⎡⎣ 1027.586 − 116.816(δd1 − δd2)

2

−6.910
(
δp1 − δp2

)2
+ 1.168(δh1 − δh2)

2

⎤⎦
+
(

w1w2(w1−w2)
T

)[
−717.903 + 11.233

(
δp1 − δp2

)2
] (11)

The c, e, s, a, b, and v are Abraham solvent’s coefficients and δd1, δp1, δh1, and δd2, δp2,
and δh2 are the Hansen parameters for solvents 1 and 2, respectively [56]. Equations (10)
and (11) predicted the solubility of meloxicam in (DMSO + water) mixtures with the MPDs
of 74.3 and 35.6%. Although the prediction errors are relatively large, these equations only
require the solubility data in the neat solvent.

3.5. Apparent Thermodynamic Functions of Dissolution

All the apparent standard thermodynamic quantities relative to meloxicam dissolution
processes were calculated at the mean harmonic temperature, Thm = 303.0 K, which was
calculated by using Equation (12) [57].

Thm =
n

n
∑

i=1

(
1
T

) (12)

where n is the number of temperatures under study (i.e., 5 in this case). Hence, all the ap-
parent standard enthalpy changes relative to dissolution processes (ΔsolnH◦) were obtained
by means of the modified van’t Hoff equation, as shown in Equation (13) [58]:(

∂ ln x3

∂(1/T − 1/Thm)

)
P
= −ΔsolnH◦

R
(13)

The apparent standard Gibbs energy changes relative to all the meloxicam dissolution
processes (ΔsolnG◦) were calculated by means of [58–60]:

ΔsolnG◦ = −RT · intercept (14)

The intercepts used in Equation (14) were those obtained as the result of the linear
regressions of ln x3 as function of (1/T − 1/Thm). Therefore, Figure 5 depicts the meloxicam
solubility linear van’t Hoff behavior in all the {DMSO (1) + water (2)} mixtures, as well as
in both neat solvents. It is noteworthy that linear regressions with r2 > 0.993 were observed
in all the solvent systems [61–63].

Finally, the apparent standard changes in entropy, for all the studied meloxicam
dissolution processes (ΔsolnS◦) were calculated based on the respective ΔsolnH◦ and ΔsolnG◦
values by using [59,60]:

ΔsolnSo =
(ΔsolnH◦ − ΔsolnG◦)

Thm
(15)

Table 5 summarizes all the apparent standard thermodynamic quantities for the disso-
lution processes of meloxicam in all the {DMSO (1) + water (2)} mixtures at Thm = 303.0 K,
including those corresponding to dissolution processes in neat water and DMSO. It is no-
table that all apparent standard dissolution thermodynamic quantities for neat water were
taken from previous research results [32]. As expected, all the apparent standard Gibbs
energies and apparent enthalpies of dissolution of meloxicam are positive in every case in
these DMSO-aqueous systems. Otherwise, the apparent standard entropies of dissolution
were negative in neat water, as well as in the mixtures of x1 ≤ 0.30 but positive from the
mixture of x1 = 0.40 to neat DMSO. Thus, the global dissolution processes of meloxicam are
always endothermic in nature and entropy-driven for those occurring in the composition
interval of 0.40 ≤ x1 ≤ 1.00; whereas, in neat water and the mixtures of x1 ≤ 0.30, neither
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entropy or enthalpy-driving are observed because ΔsolnH◦ > 0 and ΔsolnS◦ < 0). All ΔsolnG◦
values decrease continuously from neat water (where highest ΔsolnG◦ value is obtained)
to reach the lowest value in neat DMSO. Otherwise, ΔsolnH◦ decreases from neat water to
reach the lowest value in the mixture of x1 = 0.10, and later, it increases with the DMSO
proportion to reach a quasi-plateau in the mixtures of x1 = 0.30, 0.40, and 0.50 to increase
again, reaching the highest value in the mixture of x1 = 0.60; after, it decreases to reach a
new minimum in neat DMSO. The ΔsolnS◦ values increase from a lowest negative value
in neat water (−87.99 J·mol−1·K−1) to reach the maximum positive value in the mixture
of x1 = 0.60 (66.49 J·mol−1·K−1), and later, they decrease continuously with the DMSO
proportion to reach a lower value in neat DMSO (53.35 J·mol−1·K−1). As observed, the
lowest ΔsolnH◦ and ΔsolnS◦ values are observed in neat water or in the mixture of x1 = 0.00.
The negative apparent dissolution entropies observed in neat water and the mixtures of
composition x1 = 0.10, 0.20, and 0.30 could be a consequence of the possible hydrophobic
hydration around the methyl and phenylene groups of meloxicam (Figure 1).

Figure 5. Van’t Hoff plot of the solubility of meloxicam (3) in {DMSO (1) + water (2)} solvent systems.
�: x1 = 0.00 (neat water), Δ: x1 = 0.10, �: x1 = 0.20, ♦: x1 = 0.30, ×: x1 = 0.40, : x1 = 0.50, •: x1 = 0.60,
�: x1 = 0.70, �: x1 = 0.80, �: x1 = 0.90, +: x1 = 0.10 (neat DMSO).
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Table 5. Apparent thermodynamic functions relative to dissolution processes of meloxicam (3) in
{DMSO (1) + water (2)} mixtures at Thm = 303.0 K and p = 96 kPa a,b.

x1
a,b ΔsolnG◦/

kJ·mol−1 b
ΔsolnH◦/

kJ·mol−1 b
ΔsolnS◦/

J·mol−1·K−1 b
TΔsolnS◦/

kJ·mol−1 b ζH
c ζTS

c

0.000 d 34.35 7.69 –87.99 −26.66 0.224 0.776

0.100 31.55 5.59 –85.68 −25.96 0.177 0.823

0.200 29.08 15.27 –45.55 −13.80 0.525 0.475

0.300 26.09 24.89 –3.96 −1.20 0.954 0.046

0.400 22.46 25.49 9.99 3.03 0.894 0.106

0.500 19.27 25.23 19.65 5.96 0.809 0.191

0.600 16.80 36.95 66.49 20.15 0.647 0.353

0.700 15.28 33.53 60.23 18.25 0.648 0.352

0.800 13.86 31.20 57.24 17.34 0.643 0.357

0.900 12.73 29.87 56.58 17.14 0.635 0.365

1.000 11.74 27.91 53.35 16.16 0.633 0.367

Ideal d 14.16 24.78 35.03 10.61 0.700 0.300
a p is the atmospheric pressure in Bogotá, Colombia. x1 is the mole fraction of DMSO (1) in the
{DMSO (1) + water (2)} mixtures free of meloxicam (3). Mean uncertainty in x1, u(x1) = 0.0005. b Standard uncer-
tainty in Thm is u(Thm) = 0.13 K. Standard uncertainty in p is u(p) = 3.0 kPa. Average relative standard uncertainty
in apparent thermodynamic quantities of real dissolution processes are ur(ΔsolnG◦) = 0.027, ur(ΔsolnH◦) = 0.035,
ur(ΔsolnS◦) = 0.045, ur(TΔsolnS◦) = 0.045. c ζH and ζTS are the relative contributions by enthalpy and entropy
toward apparent Gibbs energy of dissolution. d Data taken from Delgado et al. [32].

Moreover, to calculate the magnitude contributions by enthalpy (ζH) and entropy (ζTS)
toward the dissolution processes, the following equations were used [64]:

ζH =
|ΔsolnH◦|

|ΔsolnH◦|+ |TΔsolnS◦| (16)

ζTS =
|TΔsolnS◦|

|ΔsolnH◦|+ |TΔsolnS◦| (17)

As observed in Table 5, the higher contribution to the positive apparent standard
molar Gibbs energies of meloxicam dissolution is given by the positive enthalpy. This
demonstrates that in almost all the mixtures, the main contributor to this positive standard
molar Gibbs energy of solution of meloxicam (reflected in the low meloxicam solubility) is
the enthalpy except for neat water and the mixture of x1 = 0.10, where ζH = 0.224 and 0.177,
respectively, and thus, entropy is the dominant function in these two cases.

3.6. Apparent Thermodynamic Quantities of Mixing

The overall dissolution processes of meloxicam in all {DMSO (1) + water (2)} solvent
systems may be represented with the following hypothetical stages:

Solute(Solid state) at Thm → Solute(Solid state) at Tfus → Solute(Liquid state) at Tfus → Solute(Liquid state)

at Thm → Solute(Solution state) at Thm

Here, the hypothetical stages are considered as follows: (i) the heating and fusion
of meloxicam at Tfus = 536.7 K, (ii) the cooling of the liquid fused meloxicam to the con-
sidered temperature (i.e., Thm = 303.0 K), and (iii) the subsequent mixing of both the
hypothetical super-cooled liquid meloxicam and the liquid aqueous-DMSO solvent system
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at Thm = 303.0 K [65]. This treatment allowed us to calculate every individual thermody-
namic contribution toward the overall meloxicam dissolution processes by means of:

ΔsolnH◦ = ΔfusHThm + ΔmixH◦ (18)

ΔsolnS◦ = ΔfusSThm + ΔmixS◦ (19)

where ΔfusHThm and ΔfusSThm represent the thermodynamic quantities relative to meloxi-
cam melting and its cooling at Thm = 303.0 K, which, in turn, are calculated by means
of [66]:

ΔfusHThm = ΔfusHTfus − ΔCp(Tfus − Thm) (20)

ΔfusSThm = ΔfusSTfus − ΔCp ln
(

Tfus
Thm

)
(21)

where ΔCp denotes the difference of heat capacities of liquid and solid states at the
temperature of melting. Owing the difficulties in ΔCp experimental determinations,
the entropy of fusion (ΔSf) is used instead [66]. Table 6 summarizes all the apparent
standard thermodynamic quantities of mixing of the hypothetical super-cooled liquid
meloxicam with all the studied aqueous-DMSO mixtures and the neat solvents, water,
and DMSO, as calculated at Thm = 303.0 K. As observed, the Gibbs energies of mixing
are positive from neat water to the mixture of x1 = 0.70 because the experimental drug
solubilities are lower than ideal solubilities; on the contrary, they are negative from the
mixture of x1 = 0.80 to neat DMSO, because the experimental solubilities are higher
than the ideal ones. The contributions by the thermodynamic quantities of mixing
subprocesses to the overall dissolution processes of meloxicam are variable and depend
on the aqueous-DMSO mixtures’ composition. Thus, ΔmixH◦ values are negative in
neat water and the mixtures of x1 = 0.10 and 0.20 but positive in the solvent systems
in the interval of 0.30 ≤ x1 ≤ 1.00. Moreover, ΔmixS◦ values are negative in the interval
0.00 ≤ x1 ≤ 0.50 but positive in the other cases. Thus, the mixing processes in neat water
and the mixture of x1 = 0.10 and 0.20 are enthalpy-driven because of the exothermic
character exhibited. In the mixtures 0.30 ≤ x1 ≤ 0.50, neither enthalpy nor entropy-
driving is observed for mixing. Finally, in the interval of 0.60 ≤ x1 ≤ 1.00, entropy-driven
is observed. Furthermore, in order to evaluate the relative contributions by enthalpy (ζH)
and entropy (ζTS) to the mixing processes in all these solvent systems, two equations
analogous to Equations (16) and (17) were also employed. As observed, in water-rich
and DMSO-rich mixtures, the main contributor to Gibbs energies of mixing is the entropy,
but in the mixtures’ composition interval of 0.30 ≤ x1 ≤ 0.70, it is the enthalpy.

As described earlier in the literature, the net variation of ΔmixH◦ values regarding
the aqueous-cosolvent mixtures’ composition depends on the contribution of different
kinds of intermolecular interactions. Hence, the cavity formation in the solvent system,
required for the solute accommodation, is endothermic because some quantity of energy
must be supplied against the respective cohesive forces of the solvent. This contribution
diminishes the drug solubility as mentioned above. Oppositely, the solvent–solute
interactions, resulting mainly from van der Waals and Lewis acid-base interactions,
such as hydrogen bonding, are clearly exothermic in nature. This effect increases the
drug solubility and dissolution rate as also indicated before. Even more, the structuring
of water molecules around the phenylene ring and the methyl group of meloxicam
structure (Figure 1) would be contributing to diminish the net ΔmixH◦ quantity to small
or even negative values in water-rich mixtures [67]. This event is clearly observed with
meloxicam in aqueous-DMSO mixtures as indicated in Table 5 for solvent systems from
neat water to the mixture of x1 = 0.50.

14



Liquids 2022, 2

Table 6. Apparent thermodynamic functions relative to mixing processes of meloxicam (3) in {DMSO
(1) + water (2)} mixtures at Thm = 303.0 K and p = 96 kPa a,b.

x1
a,b ΔmixG◦/

kJ·mol−1 b
ΔmixH◦/

kJ·mol−1 b
ΔmixS◦/

J·mol−1·K−1 b
TΔmixS◦/

kJ·mol−1 b ζH
c ζTS

c

0.000 20.19 −17.09 −123.02 −37.27 0.314 0.686

0.100 17.38 −19.19 −120.71 −36.57 0.344 0.656

0.200 14.91 −9.50 −80.58 −24.42 0.280 0.720

0.300 11.93 0.12 −38.99 −11.81 0.010 0.990

0.400 8.30 0.71 −25.03 −7.59 0.086 0.914

0.500 5.11 0.45 −15.38 −4.66 0.088 0.912

0.600 2.64 12.17 31.46 9.53 0.561 0.439

0.700 1.12 8.75 25.20 7.63 0.534 0.466

0.800 −0.30 6.43 22.21 6.73 0.489 0.511

0.900 −1.43 5.10 21.55 6.53 0.438 0.562

1.000 −2.42 3.13 18.32 5.55 0.361 0.639
a p is the atmospheric pressure in Bogotá, Colombia. x1 is the mole fraction of DMSO (1) in the
{DMSO (1) + water (2)} mixtures free of meloxicam (3). Mean uncertainty in x1, u(x1) = 0.0005. b Standard
uncertainty in Thm is u(Thm) = 0.13 K. Standard uncertainty in p is u(p) = 3.0 kPa. Average relative standard
uncertainty in apparent thermodynamic quantities of mixing processes are ur(ΔmixG◦) = 0.030, ur(ΔmixH◦) = 0.040,
ur(ΔmixS◦) = 0.050, ur(TΔmixS◦) = 0.050. c ζH and ζTS are the relative contributions by enthalpy and entropy
toward apparent Gibbs energy of mixing.

3.7. Enthalpy–Entropy Compensation Analysis

Classical extra-thermodynamic studies, in particular those based on the enthalpy–
entropy compensation analyses, provide a powerful physicochemical tool to find or identify
similar mechanisms responsible for some physical and chemical processes involving organic
compounds [68,69]. Some well-known literature reports demonstrated the presence of
nonlinear-enthalpy–entropy compensation effects in the dissolution processes of many
drugs and drug-alike compounds in different aqueous cosolvent binary systems. These
extra-thermodynamic studies have usually been performed by different research groups
to identify the main mechanisms involved in the cosolvent action for solubility increasing
or decreasing, depending on the mixtures’ composition [70–72]. As shown in Figure 6,
meloxicam exhibits a nonlinear ΔsolnH◦ vs. ΔsolnG◦ trend with negative slopes from neat
water to the mixture of x1 = 0.10 and from the mixture of x1 = 0.60 to neat DMSO, whereas,
in the interval of 0.10 ≤ x1 ≤ 0.30 and from x1 = 0.50 to x1 = 0.60, positive slopes are
observed; finally, in the interval of 0.30 ≤ x1 ≤ 0.50, a plateau is observed. In the first cases,
the driving mechanism for transferring meloxicam from the most polar solvent systems
to less polar solvent systems is the entropy. For the intervals exhibiting positive slopes,
the drug transfer is driven by the enthalpy. Otherwise, in the interval of 0.30 ≤ x1 ≤ 0.50,
the function driving the transfer is not clear. Nevertheless, it is not easy to identify the
molecular effects involved, owing the complexity of aqueous-DMSO mixtures as indicated
earlier [41,42].
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Figure 6. ΔsolnH◦ vs. ΔsolnG◦ enthalpy–entropy compensation plot for the solubility of meloxicam
(3) in {DMSO (1) + water (2)} mixtures at Thm = 303.0 K. The points represent the mole fraction of
DMSO (1) in the {DMSO (1) + water (2)} mixtures in the absence of meloxicam (3).

3.8. Preferential Solvation Analysis

The preferential solvation parameter of meloxicam (component 3) by DMSO (component 1)
in the {DMSO (1) + water (2)} mixtures at saturation is defined as:

δx1,3 = xL
1,3 − x1 = −δx2,3 (22)

where xL
1,3 is the local mole fraction of DMSO in the molecular environment around meloxi-

cam and x1 is the bulk mole fraction of DMSO in the initial aqueous-DMSO mixture in
the absence of meloxicam. If δx1,3 values were positive, meloxicam would be preferen-
tially solvated by DMSO, but if they were negative, meloxicam would be preferentially
solvated by water. Thus, the respective δx1,3 values were obtained by means of the inverse
Kirkwood–Buff integrals (IKBI) for the solvent components based on [73–75]:

δx1,3 =
x1x2(G1,3 − G2,3)

x1G1,3 + x2G2,3 + Vcor
(23)

with,

G1,3 = RTκT − V3 + x2V2

(
D
Q

)
(24)

G2,3 = RTκT − V3 + x1V1

(
D
Q

)
(25)

Vcor = 2522.5 ·
{

r3 + 0.1363 ·
(

xL
1,3V1 + xL

2,3V2

)1/3 − 0.085
}3

(26)

Here, κT represents the isothermal compressibility of every {DMSO (1) + water (2)}
mixture. V1 and V2 denote the partial molar volumes of DMSO and water in the aqueous-
DMSO mixtures. V3 denotes the partial molar volume of meloxicam. The function D
corresponds to the first derivative of the variation of standard molar Gibbs energies of
transfer of meloxicam from neat water to {DMSO (1) + water (2)} mixtures regarding the
DMSO-proportion in the mixtures free of solute, as shown in Equation (27). The function Q
involves the second derivative of the variation of excess molar Gibbs energy of mixing of
DMSO and water (GExc

1+2) regarding the water-proportion in the aqueous-DMSO mixtures,
as shown in Equation (28). Vcor is the correlation volume and r3 is the hydrodynamic
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molecular radius of meloxicam, which is commonly calculated by means of Equation (29),
where NAv is the number of Avogadro.

D =

(
∂ΔtrGo

3,2→1+2

∂x1

)
T,p

(27)

Q = RT + x1x2

(
∂2GExc

1+2

∂x2
2

)
T,p

(28)

r3 =

(
3 · 1021V3

4πNAv

)1/3

(29)

As exposed in the literature, the definitive Vcor values require iteration because they
depend on the local mole fractions of DMSO and water around the meloxicam molecules
in the equilibrated solutions. Hence, these iterations are performed by substituting δx1,3
and Vcor values in Equations (22), (23), and (26) in order to recalculate the xL

1,3 value until
almost invariant values of Vcor are obtained.

Figure 7 depicts the apparent Gibbs energies of transfer of meloxicam from neat water
to {DMSO (1) + water (2)} mixtures (ΔtrGo

3,2→1+2) at T = 298.15 K. These ΔtrGo
3,2→1+2 values

were calculated from the mole fraction solubilities shown Table 1, by using:

ΔtrGo
3,2→1+2 = RT ln

(
x3,2

x3,1+2

)
(30)

ΔtrGo
3,2→1+2 values were correlated according to the regular fourth degree polynomial pre-

sented as Equation (31), with adjusted r2 = 0.998, typical error = 0.317, and F value = 1484.

ΔtrGo
3,2→1+2 = −0.19(±0.30)− 15.72(±4.68)x1 − 63.14(±20.49)x2

1

+96.50(±31.53)x3
1 − 39.34(±15.64)x4

1

(31)

 
Figure 7. Gibbs energy of transfer of meloxicam (3) from neat water (2) to {DMSO (1) + water (2)}
mixtures at T = 298.15 K.

In this way, the D values shown in Table 7 were calculated from the first derivative
of Equation (31) by considering the variation of aqueous-DMSO mixtures composition in
incremental x1 = 0.05 steps through all the mixtures’ composition interval. Otherwise, the
required Q, RTκT, V1, and V2 values corresponding to {DMSO (1) + water (2)} mixtures
were taken from the literature [76].
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Table 7. Some properties associated to preferential solvation of meloxicam (3) in {DMSO (1) + water (2)}
mixtures at T = 298.15 K.

x1
a D/

kJ·mol−1
G1,3/

cm3·mol−1
G2,3/

cm3·mol−1
Vcor/

cm3·mol−1 100 δx1,3

0.00 −15.72 −297.0 −182.2 830 0.00

0.05 −21.33 −335.5 −212.0 876 −0.89

0.10 −25.61 −353.3 −253.3 926 −1.36

0.15 −28.68 −352.2 −296.1 984 −1.05

0.20 −30.65 −338.1 −332.4 1047 −0.13

0.25 −31.65 −317.6 −358.6 1111 1.01

0.30 −31.80 −295.3 −374.6 1173 2.03

0.35 −31.20 −274.2 −381.9 1231 2.76

0.40 −29.98 −255.5 −382.3 1286 3.19

0.45 −28.26 −239.7 −377.7 1337 3.34

0.50 −26.16 −226.6 −369.7 1386 3.29

0.55 −23.78 −216.1 −359.4 1433 3.08

0.60 −21.26 −207.7 −348.1 1478 2.78

0.65 −18.70 −201.1 −336.5 1522 2.42

0.70 −16.24 −196.0 −325.7 1566 2.05

0.75 −13.97 −192.1 −316.8 1610 1.69

0.80 −12.03 −189.2 −311.5 1654 1.36

0.85 −10.54 −187.1 −312.5 1697 1.07

0.90 −9.60 −185.5 −325.1 1741 0.82

0.95 −9.33 −184.1 −362.4 1783 0.53

1.00 −9.86 −182.0 −465.7 1823 0.00
a x1 is the mole fraction of DMSO (1) in the {DMSO (1) + water (2)} mixtures free of meloxicam (3).

Because V3 values are not available for meloxicam in {DMSO (1) + water (2)} mix-
tures, these values were considered as the one calculated based on Fedors’ method, i.e.,
183.3 cm3·mol−1 [6]. G1,3 and G2,3 shown in Table 7 are negative in all cases, indicating
the affinity of meloxicam by DMSO and water. The approximated hydrodynamic radius
of meloxicam (r3) was calculated as 0.417 nm by means of Equation (29). In turn, the
preferential solvation parameters of meloxicam by DMSO molecules are also summarized
in Table 7. According to Figure 8, initially adding of DMSO to water makes the δx1,3 values
of meloxicam negative in the interval from neat water to the mixture of x1 = 0.21. The
maximum negative value of this parameter is obtained in the mixture of x1 = 0.10, with
δx1,3 = −1.36 × 10−2, which is higher than 1.00 × 10−2 if the absolute value is consid-
ered; therefore, it could be a consequence of real preferential solvation effects by water
on meloxicam, rather than a consequence of the uncertainty propagation in the respective
IKBI calculations [77,78]. The cosolvent action of DMSO for increasing the meloxicam
solubility in these water-rich mixtures could be associated to the breaking of the ordered
structure exhibited by water molecules, such as “icebergs”, around the non-polar moieties
of meloxicam, which, in turn, would be increasing the meloxicam solubility and solvation.

In mixtures of 0.21 < x1 < 1.00, the δx1,3 values are positive indicating preferential
solvation of meloxicam by DMSO. Maximum δx1,3 value was obtained in the mixture of
x1 = 0.45 (δx1,3 = 3.34 × 10−2). This maximum positive δx1,3 value is also higher than
|1.00 × 10−2| being a consequence of real preferential solvation effects by DMSO [77,78].
From a mechanistic viewpoint, in the mixtures’ composition region of 0.19 < x1 < 1.00,
it is adequately conjecturable that meloxicam could be acting as a Lewis acid in front of
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the DMSO molecules owing the unshared electrons of the sulfoxide oxygen atom of this
cosolvent. Notably, this cosolvent is more basic than water, as remarkable by the magnitude
of their Kamlet–Taft hydrogen bond acceptor parameters, namely β = 0.76 for DMSO and
0.47 for water [38]. Moreover, Figure 8 allows the comparison of preferential solvation of
meloxicam by DMSO and N,N-dimethylformamide in their respective aqueous mixtures [6].
As observed, the cosolvent regions of preferential solvation are similar, as well as the mag-
nitudes of preferential solvation by both cosolvents. Nevertheless, preferential hydration
of meloxicam is higher with N,N-dimethylformamide, which could be a consequence of its
lower polarity (δ1 = 24.1 MPa1/2) regarding DMSO (δ1 = 26.6 MPa1/2) [37,38]. These inter-
esting behaviors could be a consequence of the high water-association effects around the
non-polar groups of this drug, which could be favored by the more hydrophobic moieties
present in the cosolvents, as they exhibit less polar nature. In turn, the hydrophobic groups
present in the cosolvents could also be acting as water-association promotors depending
on their respective molecular sizes [11]. Finally, from all the physicochemical analyses
reported, it is noteworthy to mention that this investigation expands the equilibrium solu-
bility database about non-steroidal anti-inflammatory drugs in commonly used aqueous
cosolvent mixtures [79].

Figure 8. Preferential solvation parameters of meloxicam (3) in some {cosolvent (1) + water (2)}
mixtures at T = 298.15 K. •: DMSO (1) + water (2), ♦: Dimethylformamide (1) + water (2) [6].

4. Conclusions

Equilibrium molar and mole fraction solubilities of analgesic drug meloxicam in dif-
ferent {DMSO (1) + water (2)} mixtures at five temperatures from 293.15 to 313.15 K were
determined by using the shake flask method followed by UV-vis drug quantification, re-
ported and analyzed. Meloxicam mole fraction solubility in these mixtures was adequately
correlated with some well-known correlation models obtaining mean percentage deviations
(MPDs) of 9.6 to 9.9%. In addition, a number of predictive models which were already
trained using published datasets and by employing the minimum number of measured
experimental data from this project were produced with MPDs of 35.6 to 74.3%. Apparent
standard thermodynamic quantities of dissolution and mixing processes were calculated ob-
serving endothermal dissolution processes in all cases and favored in DMSO-rich mixtures.
Nonlinear enthalpy-entropy compensation was observed indicating different mechanisms
for the cosolvent action. IKBI treatment demonstrated preferential hydration of meloxicam
in water-rich mixtures but preferential solvation by DMSO in mixtures of 0.21 < x1 < 1.00.
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Abstract: Experimental solubilities were determined for 31 solid nonelectrolyte organic compounds
dissolved in tert-butyl acetate at 298.15 K. Results of the experimental measurements were combined
with published mole fraction solubility data for two lipid-lowering medicinal compounds (lovastatin
and simvastatin) in order to derive Abraham model expressions for solute transfer into the tert-butyl
acetate mono-solvent. The derived correlations provided an accurate mathematical description of
the observed experimental data. As part of the current study, previously published Abraham model
solvent correlations for both ethyl acetate and butyl acetate were updated using much larger datasets
that contained an additional 64 and 35 experimental data points, respectively. The mathematical
correlations presented in the current study describe the observed solubility ratios of solutes dissolved
in tert-butyl acetate, ethyl acetate, and butyl acetate to within an overall standard deviation of 0.15 log
units or less.

Keywords: Abraham model correlations; molar solubility ratios; tert-Butyl acetate solvent; ethyl
acetate; butyl acetate solvent

1. Introduction

Individuals employed by the chemical manufacturing sector handle and are exposed
to organic solvents on a daily basis. Organic solvents serve as the solubilizing reaction
media in the preparation of new chemical products, as cleansing and degreasing agents for
chemical glassware and industrial machinery, as components of aqueous–organic biphasic
extraction systems used in the removal of unwanted impurities from synthesized chemical
materials, and as dispersing agents in paint and cosmetic products. Organic solvents
have also been used to extract biochemical materials from plants and to preconcentrate
and remove trace organic analytes from chemical samples prior to gas–liquid and high-
performance chromatographic analyses. Several million tons of petroleum-based organic
solvents are purchased and discarded on an annual basis. Governmental regulations
pertaining to chemical waste disposal have encouraged the manufacturing sector to utilize
more environmentally compatible organic solvents, to search for solvent-free synthetic
processes, and to design effective solvent recovery methods in order to reduce the quantity
of hazardous materials that are released into the natural environment.

Replacing hazardous organic solvents with safer chemical alternatives is not an easy
task. Industrial processes are often designed around the specific solvent that is currently
being used. Altering an existing process can be an expensive endeavor, even if one has
identified a safer solvent which possesses suitable physical and chemical properties. Our
contribution in the solvent selection and replacement process has been to develop mathe-
matical Abraham model expressions [1–4] that enable process design engineers to predict
molar solubilities of chemical reactants, synthesized chemical products, and reaction by-
products in a wide range of organic solvents of varying polarity and hydrogen-bonding
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character. Unlike physical properties such as density, viscosity, and vapor pressure, one
cannot easily locate needed solubility data in the published chemical and engineering
literature. Solubility data is solute-solvent specific in nature, and it is not feasible to deter-
mine solubilities for every possible combination of chemical compounds. Currently there
are more than 60 million known chemical compounds [5], and the number continually
increases with each newly synthesized organic/inorganic molecule.

The Abraham model is among the simplest and most versatile predictive solubility
expressions that have been developed in the past 30 years. The basic model [6–9] describes
solute transfer, which, in the current study, is given by the logarithm of molar solubility
ratios, log (CS,organic/CS,water), and log (CS,organic/CS,gas), in terms of:

log (CS,organic/CS,water) = eeq 1 × E + seq 1 × S + aeq 1 × A + beq 1 × B + veq 1 × V + ceq 1 (1)

log (CS,organic/CS,gas) = eeq 2 × E + seq 2 × S + aeq 2 × A + beq 2 × B + leq 2 × L + ceq 2 (2)

the molecular solute–solvent interactions that govern the dissolution process. The sub-
scripts “organic”, “water”, and “gas” on solubility ratios denote the phase to which the
molar solute concentration pertains. Each molecular interaction is quantified as the product
of a solute property multiplied by the complimentary solvent property. Solute properties
(also called solute descriptors) are denoted by the capitalized alphabetical characters on
the right-hand side of Equations (1) and (2) and are defined as follows: A and B refer to
the respective overall hydrogen-bond donating and accepting capacities of the dissolved
solute; E corresponds the molar refraction of the given solute (in units of (cm3 mol−1)/10)
in excess of that of a linear alkane having a comparable molecular size; L is the logarithm
of the solute’s gas-to-hexadecane partition coefficient determined at 298.15 K; S repre-
sents a combination of the electrostatic polarity and polarizability of the solute; V denotes
the McGowan molecular volume of the solute (in units of (cm3 mol−1)/100) calculated
from atomic sizes and chemical bond numbers. The complimentary solvent properties in
Equations (1) and (2) are given by the lowercase alphabetical characters (ceq 1, eeq 1, seq 1,
aeq 1, beq 1, veq 1, ceq 2, eeq 2, seq 2, aeq 2, beq 2, and leq 2). Numerical values of the solvent
properties are determined by regressing measured molar solubility ratio data in accordance
with Equations (1) and (2). Once determined, the lowercase alphabetical characters allow
one to predict the molar solubilities of additional solutes in the given organic solvent,
provided, of course, that the solute descriptors are known. Currently, equation coefficients
are known for slightly more than 130 different organic solvents and binary aqueous-organic
solvent mixtures [10]. This represents only a small fraction of the organic solvents currently
used in industrial manufacturing processes and consumer product formulations. Less than
half of the solvents for which equation coefficients have been obtained fall into the classifi-
cation of “preferred” and/or “recommended” on the solvent selection guide developed by
pharmaceutical companies [11–13].

In the current study, we extend our earlier considerations to include the tert-butyl ac-
etate mono-solvent, which is on the list of “recommended” organic solvents [14], along with
several other alkyl acetates like ethyl acetate, propyl acetate, isopropyl acetate, and butyl
acetate [11,15–17]. Alkyl acetates and other esters score well on published solvent selection
guides because of their low toxicity and preparation from biomass materials [18]. Abraham
predictive expressions are reported for tert-butyl acetate based on our measured solubil-
ity data for acenaphthene, acetylsalicylic acid, anthracene, benzil, benzoic acid, benzoin,
4-tert-butylbenzoic acid, 1-chloroanthraquinone, 3-chlorobenzoic acid, 4-chlorobenzoic acid,
2-chloro-5-nitrobenzoic acid, 4-chloro-3-nitrobenzoic acid, 3,4-dichlorobenzoic acid, 3,4-
dimethoxybenzoic acid, 3,5-dinitrobenzoic acid, diphenyl sulfone, 2-ethylqnthraquinone,
hippuric acid, 2-hydroxybenzoic acid, 2-methoxybenzoic acid, 4-methoxybenzoic acid,
2-methylbenzoic acid, 3-methylbenzoic acid, 2-methyl-3-nitrobenzoic acid, 3-methyl-4-
nitrobenzoic acid, 4-methyl-3-nitrobenzoic acid, 3-nitrobenzoic acid, 4-nitrobenzoic acid,
salicylamide, 3,4,5-trimethoxybenzoic acid, and xanthene. In total, mole fraction solubilities
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have been determined for 31 crystalline organic compounds dissolved in tert-butyl acetate
at 298.15 K.

As part of the current study, we are also revising our existing Abraham model mathe-
matical correlations for both ethyl acetate (dry, anhydrous) [19]:

log P and log (CS,organic/CS,water) = 0.328(0.034) + 0.369(0.057)E − 0.446(0.080)S
− 0.700(0.069)A − 4.904(0.113)B + 4.150(0.033)V

(N = 106, SD = 0.165, R2 = 0.996, F = 4475.1)
(3)

log K and log (CS,organic/CS,gas) = 0.182(0.026) − 0.352(0.048)E + 1.316(0.050)S
+ 2.891(0.061)A + 0.916(0.008)L

(N = 106, SD = 0.148, R2 = 0.998, F = 15,635.1)
(4)

and butyl acetate (dry, anhydrous) [19]:

log P and log (CS,organic/CS,water) = 0.248(0.047) + 0.356(0.065)E − 0.501(0.082)S
− 0.867(0.096)A − 4.973(0.100)B + 4.281(0.027)V

(N = 73, SD = 0.160, R2 = 0.998, F = 7380)
(5)

log K and log (CS,organic/CS,gas) = 0.147(0.040) − 0.414(0.064)E + 1.212(0.077)S
+ 2.623(0.086)A + 0.954(0.007)L

(N = 73, SD = 0.157, R2 = 0.998, F = 6174.7)
(6)

as there has been sufficient new experimental data [19–88] published since 2008, when the
earlier correlations first appeared, to merit a redetermination of the equation coefficients.
Equations (3)–(6) are based on 106 and 73 experimental molar solubility ratios; indirect
water-to-alkyl acetate transfer coefficients, P; and gas-to-alkyl acetate partition coefficients,
K, respectively. The updated correlations reported in the current study are based on much
larger, more chemically diverse data sets, which include 170 (ethyl acetate) and 108 (butyl
acetate) solutes. It is the chemical diversity, as reflected by the solute descriptor values, that
defines the area of predictive chemical space over which a derived Abraham correlation
can be used. One should not use a mathematical correlation to make predictions for solutes
whose descriptor values fall too far outside of the range of values used in determining the
equation coefficients.

The words ‘dry, anhydrous’ after the solvent name indicate that the organic solvent
was not in direct contact with water, as would be the case for practical partitioning processes
involving the removal of the solute from water with ethyl acetate or butyl acetate as the
extracting organic solvent. Abraham model correlations have been published for “wet”
ethyl acetate and “wet” butyl acetate in an earlier paper [19]; however, there has not been
sufficient new experimental water-to-ethyl acetate and water-to-butyl acetate partition
coefficient data to merit updating these existing “wet” Abraham model correlations.

The statistical information associated with Equations (3)–(6) appears immediately
below the equation itself and includes the number of experimental data points used in the
regression analysis, N; the standard deviation, SD; the squared correlation coefficient, R2;
and the Fisher F-statistic, F. The numerical values contained within parenthesis that imme-
diately follow each equation coefficient are the standard error in the respective calculated
coefficient. As an informational item, the b × B term is missing in Equations (4) and (6),
because both ethyl acetate and butyl acetate lack an acidic hydrogen, and thus, they can-
not act as an H-bond donor. The term does appear in Equations (3) and (5), as here, the
b-coefficients represent the difference in the H-bond acidity of the alkyl acetate solvent(s)
and water. Water does possess an H-bond donor character.

2. Experimental Methodology

The crystalline organic solutes selected for the solubility study include 22 carboxylic
acids as well as 9 noncarboxylic acid solutes possessing relatedly large E and S descriptor
values. All chemicals used in the current study were purchased from commercial sources
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in the highest purity available. Several of the compounds were further purified by recrys-
tallization from either acetone or anhydrous methanol prior to performing the solubility
measurements. All solid compounds were dried for two days at 333 K. Purification details
and chemical suppliers are given in Table 1, along with the final purities as determined by
either a gas–liquid chromatographic analysis (noncarboxylic acid solutes, flame ionization
detector) or the non-aqueous acid–base titrimetric method based on a modified procedure
recommended by Fritz and Lisicki [89]. Our modified titration procedure replaced benzene
with toluene as a component in the titration solvent for health reasons.

Table 1. Chemical sources and final mass fraction purities of chemicals used in the solubility studies.

Chemical Supplier Purification Method
Purity

(Mass Fraction)

tert-Butyl acetate TCI America, Portland, OR, USA Stored over activated molecular sieves and distilled 0.997

1-Chloroanthraquinone Aldrich Chemical Company, Milwaukee, WI, USA Recrystallized from anhydrous methanol 0.997

2-Ethylanthraquinone Aldrich Chemical Company Recrystallized from anhydrous methanol 0.996

Acenaphthene Aldrich Chemical Company Recrystallized from anhydrous methanol 0.997

Benzil Aldrich Chemical Company Recrystallized from anhydrous methanol 0.997

Anthracene Aldrich Chemical Company Recrystallized from anhydrous acetone 0.997

Acetylsalicylic acid Aldrich Chemical Company Dried for two days at 333 K 0.998

Diphenyl sulfone Aldrich Chemical Company Recrystallized from anhydrous methanol 0.996

Salicylamide Aldrich Chemical Company Recrystallized from anhydrous methanol 0.997

Benzoin Aldrich Chemical Company Recrystallized from anhydrous methanol 0.997

Xanthene Aldrich Chemical Company Recrystallized from anhydrous methanol 0.996

Benzoic acid Aldrich Chemical Company Dried for two days at 333 K 0.998

4-tert-Butylbenzoic acid TCI America Chemical Company Dried for two days at 333 K 0.998

3-Chlorobenzoic acid Aldrich Chemical Company Dried for two days at 333 K 0.997

4-Chlorobenzoic acid Acros Organics, Morris Plains, NJ, USA Dried for two days at 333 K 0.996

2-Chloro-5-nitrobenzoic acid Acros Organics Dried for two days at 333 K 0.998

4-Chloro-3-nitrobenzoic acid Acros Organics Dried for two days at 333 K 0.998

3,4-Dichlorobenzoic acid Aldrich Chemical Company Dried for two days at 333 K 0.998

Hippuric acid TCI America Dried for two days at 333 K 0.997

2-Hydroxybenzoic acid Aldrich Chemical Company Dried for two days at 333 K 0.997

2-Methoxybenzoic acid Aldrich Chemical Company Dried for two days at 333 K 0.998

4-Methoxybenzoic acid Aldrich Chemical Company Dried for two days at 333 K 0.998

3,4-Dimethoxybenzoic acid Acros Organics Dried for two days at 333 K 0.998

3,4,5-Trimethoxybenzoic acid Aldrich Chemical Company Dried for two days at 333 K 0.998

2-Methylbenzoic acid Aldrich Chemical Company Dried for two days at 333 K 0.998

3-Methylbenzoic acid Aldrich Chemical Company Dried for two days at 333 K 0.998

2-Methyl-3-nitrobenzoic acid Aldrich Chemical Company Dried for two days at 333 K 0.997

3-Methyl-4-nitrobenzoic acid Aldrich Chemical Company Dried for two days at 333 K 0.997

4-Methyl-3-nitrobenzoic acid Aldrich Chemical Company Dried for two days at 333 K 0.998

3-Nitrobenzoic acid Aldrich Chemical Company Dried for two days at 333 K 0.996

4-Nitrobenzoic acid Acros Organics Dried for two days at 333 K 0.998

3,5-Dinitrobenzoic acid Aldrich Chemical Company Dried for two days at 333 K 0.997

Toluene Aldrich Chemical Company None 0.998, anhydrous

Sodium methoxide, 25 mass %
solution in methanol Aldrich Chemical Company None

2-Propanol Aldrich Chemical Company None 0.99

Solubilities of the organic compounds, except for 2-hydroxybenzoic acid and 2-methyl-
3-nitrobenzoic acid, were determined using a well-established spectrophotometric method
of chemical analysis. Solubilities of 2-hydroxybenzoic acid and 2-methyl-3-nitrobenzoic acid
were measured by volumetric acid–base titrations to the phenolphthalein endpoint using
a standardized aqueous-sodium hydroxide titrant. In both analytical methods, weighed
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aliquots of the saturated solutions were transferred into volumetric (for spectrophotometric
method) or Erlenmeyer (for titrimetric method) flasks after an initial three-day equilibration
in constant-temperature water at 298.15 ± 0.05 K. The samples were periodically shaken to
facilitate mixing and dissolution of the solid solute. In the case of the spectrophotometric de-
terminations, the transferred aliquot was quantitatively diluted with 2-propanol. Additional
dilutions were performed if necessary in order for the samples’ absorbencies to fall on the
Beer–Lambert Law calibration curve, established by graphing the measured absorbances
versus the molar concentrations of the nine standard solutions having a known molar solute
concentration. All absorbance measurements were recorded on a Milton Roy Spectronic
1000 Plus spectrophotometer. The analysis wavelengths and molar concentration ranges of
the standard solutions are reported in Table 2 for each of the analytes, whose solubility was
determined by the spectrophotometric method. Attainment of equilibrium was established
by performing replicate measurements on the equilibrated samples after two (and in some
cases three) additional days of equilibrium. In all instances, the replicate measurements
confirmed that equilibrium had been obtained after the initial three-day equilibrium period.

Table 2. Analysis wavelengths and concentration ranges of standard solutions used in the spec-
trophotometric determination of solubility.

Chemical Analysis Wavelength Molar Concentration Range

1-Chloroanthraquinone 337 (nm) 8.79 × 10−5 to 2.93 × 10−4

2-Ethylanthraquinone 325 (nm) 1.21 × 10−4 to 4.04 × 10−4

Acenaphthene 289 (nm) 8.05 × 10−5 to 2.68 × 10−4

Benzil 390 (nm) 5.49 × 10−3 to 1.83 × 10−2

Anthracene 356 (nm) 6.76 × 10−5 to 2.25 × 10−4

Acetylsalicylic acid 272 (nm) 4.19 × 10−4 to 1.40 × 10−3

Diphenyl sulfone 267 (nm) 2.71 × 10−4 to 9.03 × 10−4

Salicylamide 300 (nm) 1.06 × 10−4 to 3.55 × 10−4

Benzoin 313 (nm) 1.11 × 10−3 to 3.71 × 10−3

Xanthene 280 (nm) 1.79 × 10−4 to 5.95 × 10−4

Benzoic acid 275 (nm) 4.88 × 10−4 to 1.63 × 10−3

4-tert-Butylbenzoic acid 275 (nm) 2.86 × 10−4 to 9.54 × 10−4

3-Chlorobenzoic acid 280 (nm) 4.99 × 10−4 to 1.66 × 10−3

4-Chlorobenzoic acid 272 (nm) 4.60 × 10−4 to 1.53 × 10−3

2-Chloro-5-nitrobenzoic acid 280 (nm) 8.79 × 10−5 to 2.93 × 10−4

4-Chloro-3-nitrobenzoic acid 292 (nm) 3.72 × 10−4 to 1.34 × 10−3

3,4-Dichlorobenzoic acid 280 (nm) 4.60 × 10−4 to 1.53 × 10−3

Hippuric acid 269 (nm) 6.74 × 10−4 to 2.25 × 10−3

2-Methoxybenzoic acid 295 (nm) 1.61 × 10−4 to 5.37 × 10−4

4-Methoxybenzoic acid 273 (nm) 9.72 × 10−5 to 3.24 × 10−4

3,4-Dimethoxybenzoic acid 286 (nm) 9.23 × 10−5 to 3.08 × 10−4

3,4,5-Trimethoxybenzoic acid 289 (nm) 1.35 × 10−4 to 4.49 × 10−4

2-Methylbenzoic acid 279 (nm) 4.49 × 10−4 to 1.50 × 10−3

3-Methylbenzoic acid 280 (nm) 3.97 × 10−4 to 1.32 × 10−3

3-Methyl-4-nitrobenzoic acid 295 (nm) 1.73 × 10−4 to 5.78 × 10−4

4-Methyl-3-nitrobenzoic acid 295 (nm) 3.29 × 10−4 to 1.10 × 10−3

3-Nitrobenzoic acid 280 (nm) 1.51 × 10−4 to 5.06 × 10−4

4-Nitrobenzoic acid 272 (nm) 4.51 × 10−5 to 1.50 × 10−4

3,5-Dinitrobenzoic acid 267 (nm) 6.35 × 10−5 to 2.12 × 10−4
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To check for possible solid–solvate formation and/or possible solid-to-solid phase
transition during the solution equilibration time, we did determine the melting point
temperature of the solid material recovered from each saturated solution after the solubility
measurements were performed. As shown in Table 3, the measured point temperature was
within experimental error of the melting point temperature of the purchased commercial
sample or the recrystallized compound prior to being placed in contact with the tert-
butyl acetate mono-solvent. No indication of solid–solvate formation or polymorphism
was observed.

Table 3. Comparison of the melting point temperatures of the crystalline solutes prior to contact with
tert-butyl acetate, Tmp,initial, and of the recovered crystalline solute in equilibrium with the saturated
solution, Tmp,equilibrated.

Solute Tmp,initial/K Tmp,equilibrated/K

Benzil 368.5 ± 0.5 368.2 ± 0.4

Anthracene 490.3 ± 0.4 490.0 ± 0.5

Acenaphthene 367.0 ± 0.4 367.2 ± 0.5

Xanthene 374.6 ± 0.5 374.3 ± 0.5

1-Chloroanthraquinone 435.4 ± 0.5 435.2 ± 0.4

Benzoic acid 395.6 ± 0.4 395.8 ± 0.4

4-tert-Butylbenzoic acid 441.7 ± 0.6 441.6 ± 0.4

3-Chlorobenzoic acid 427.9 ± 0.4 428.1 ± 0.3

4-Chlorobenzoic acid 512.5 ± 0.3 512.8 ± 0.4

3,4-Dichlorobenzoic acid 479.2 ± 0.5 479.1 ± 0.4

3,4-Dimethoxybenzoic acid 454.3 ± 0.4 454.5 ± 0.5

3,4,5-Trimethoxybenzoic acid 445.6 ± 0.6 445.8 ± 0.5

2-Hydroxybenzoic acid 432.7 ± 0.5 432.9 ± 0.5

2-Methoxybenzoic acid 374.7 ± 0.5 374.8 ± 0.4

4-Methoxybenzoic acid 456.6 ± 0.5 456.3 ± 0.4

2-Methylbenzoic acid 376.5 ± 0.4 376.7 ± 0.4

3-Methylbenzoic acid 382.4 ± 0.4 382.5 ± 0.4

2-Methyl-3-nitrobenzoic acid 455.5 ± 0.4 455.2 ± 0.5

3-Methyl-4-nitrobenzoic acid 490.7 ± 0.5 491.0 ± 0.5

4-Methyl-3-nitrobenzoic acid 461.2 ± 0.6 461.6 ± 0.6

3-Nitrobenzoic acid 414.7 ± 0.4 414.4 ± 0.5

4-Nitrobenzoic acid 512.6 ± 0.5 512.5 ± 0.4

3,5-Dinitrobenzoic acid 481.4 ± 0.5 481.3 ± 0.4

2-Chloro-5-nitrobenzoic acid 440.1 ± 0.5 440.4 ± 0.5

4-Chloro-3-nitrobenzoic acid 456.3 ± 0.5 456.5 ± 0.5

2-Ethylanthraquinone 383.9 ± 0.5 384.2 ± 0.5

Diphenyl sulfone 398.2 ± 0.4 397.9 ± 0.5

Acetylsalicylic acid 413.7 ± 0.5 413.3 ± 0.6

Salicylamide 413.2 ± 0.5 413.4 ± 0.4

Benzoin 410.4 ± 0.4 410.7 ± 0.5

Hippuric acid 463.2 ± 0.5 462.8 ± 0.5
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3. Results and Discussion

The experimental mole fraction solubilities, XS,organic, of the 31 different crystalline
organic solutes dissolved in tert-butyl acetate are tabulated in the second and fourth
columns of Table 4. The numerical values represent the average of 4–7 independent
experimental determinations, which were reproducible to within ±2.5% (relative error). We
were not able to find, in the published chemical and engineering literature, solubility data
for these organic solutes in tert-butyl acetate that we could compare our experimental values
against. The only published experimental solubility data that we found was for lovastatin.
Nti-Gyabaah and coworkers previously had measured the solubility of lovastatin [23] and
simvastatin [88] in seven alkyl acetates between 285 K and 313 K using a high-performance
liquid chromatographic method of chemical analysis. The solubility data for both lipid-
lowering drug molecules will be used in our determination of the Abraham model equation
coefficients for tert-butyl acetate. Both lovastatin (S = 2.730, B = 1.760, V = 3.2853, and
L = 15.459) and simvastatin (S = 2.550, B = 1.860, V = 3.4628, and L = 15.551) possess large
numerical values for several solute descriptors.

Development of a meaningful Abraham model correlation generally requires some-
where between 30 to 40 experimental values [90,91] that cover a sufficient range of solute
descriptor values to enable one to make predictions for a large number of additional solutes.
In the case of tert-butyl acetate, we have the 31 experimental mole fraction solubilities
tabulated in Table 3, as well as the mole fraction solubility data for lovastatin [23] and
simvastatin [88], which were retrieved from our search of the published literature. There
were two additional experimental values that could be used in our regression analysis, and
those were the gas-to-tert-butyl acetate partition coefficient and water-to-tert-butyl acetate
transfer coefficient derived from the vapor pressure of tert-butyl acetate and the Raoult’s
law infinite dilution activity coefficient of tert-butyl acetate dissolved in itself. By definition,
the Raoult’s Law infinite dilution activity coefficient of a compound dissolved in itself is
unity. The calculation of log K and log P from activity coefficients is described in greater
detail in the published paper [19] that reported the existing Abraham model correlations
for ethyl acetate and butyl acetate. In total, we have experimental solubilities and partition
coefficients/transfer coefficients for 34 different solutes.

The Abraham model correlates the logarithms of molar solubility ratios,
log (CS,organic/CS,water) and log (CS,organic/CS,gas), and not the mole fraction solubilities, as
with our measured data given in Table 4. The tabulated mole fraction solubility data in Table 4
is converted into molar solubilities by dividing XS,organic by the ideal molar volume of the
saturated solution (i.e., CS,organic ≈ XS,organic/[XS,organic VSolute + (1 − XS,organic) VSolvent]). A
numerical value of Vsolvent = 0.13550 L mol−1 was used for the molar volume of tert-butyl
acetate. The numerical values of the molar volumes of the hypothetical subcooled liq-
uid solutes were given in our earlier publications [24,40–42,53–57,92–107], along with the
aqueous molar solubilities, CS,water, and solute molar gas concentrations, CS,gas, needed in
obtaining the two molar solubility ratios. Published mole fraction solubilities of lovastatin
and simvastatin were converted to molar solubility ratios in a similar fashion. The experi-
mental log (CS,organic/CS,gas) and log (CS,organic/CS,water) values at 298.15 K for 33 solutes
dissolved in tert-butyl acetate are listed in Table 5. Also included in Table 5 is the logarithm
of the water-to-tert-butyl acetate transfer coefficient, log P, and gas-to-tert-butyl acetate
partition coefficient, log K, for the solute tert-butyl acetate itself.

Once both sets of molar solubility ratios were calculated, we constructed a series of
Abraham model log (CS,organic/CS,water) and log (CS,organic/CS,gas) equations by substituting
the numerical solubility ratios and solute descriptors into Equations (1) and (2). Solute
descriptors needed in constructing the Abraham model equations are given in Table 6.
As an informational note, several of the compounds listed in Table 6 used the alternant
hydrogen-bond basicity descriptor, B◦, in “wet” water-organic solvents when the wet
organic solvent contained appreciable quantities of water. For most solutes, B and B◦ were
numerically equal but did differ mainly for alkylanilines, alkylpyridines, and sulfoxides.
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Table 4. Mole fraction solubilities, XS,organic, of select crystalline nonelectrolyte organic compounds
dissolved in tert-butyl acetate at a temperature of 298.15 K and ambient atmospheric pressure of
101 kPa a.

Chemical Name XS,organic Chemical Name XS,organic

1-Chloroanthraquinone 0.003494 3,4-Dichlorobenzoic acid 0.01216

2-Ethylanthraquinone 0.02086 2-Hydroxybenzoic acid 0.1187

Acenaphthene 0.09654 Hippuric acid 0.0005241

Benzil 0.09184 2-Methoxybenzoic acid 0.02938

Anthracene 0.003755 4-Methoxybenzoic acid 0.006635

Acetylsalicylic acid 0.02041 3,4-Dimethoxybenzoic acid 0.003625

Diphenyl sulfone 0.02108 3,4,5-Trimethoxybenzoic acid 0.007172

Salicylamide 0.04114 2-Methylbenzoic acid 0.1170

Benzoin 0.006353 3-Methylbenzoic acid 0.1114

Xanthene 0.08530 2-Methyl-3-nitrobenzoic acid 0.02141

Benzoic acid 0.1295 3-Methyl-4-nitrobenzoic acid 0.008034

4-tert-Butylbenzoic acid 0.06369 4-Methyl-3-nitrobenzoic acid 0.01549

3-Chlorobenzoic acid 0.04934 3-Nitrobenzoic acid 0.07749

4-Chlorobenzoic acid 0.007404 4-Nitrobenzoic acid 0.006436

2-Chloro-5-nitrobenzoic acid 0.03879 3,5-Dinitrobenzoic acid 0.02331

4-Chloro-3-nitrobenzoic acid 0.01991
a Standard uncertainties and relative uncertainties are u(T) = 0.05 K; u(p) = 5 kPa; and ur(x) = 0.025.

Table 5. Experimental logarithms of molar solubility ratios; water-to-tert-butyl acetate transfer
coefficients, log P; and gas-to-tert-butyl acetate partition coefficients, log K, at 298.15 K.

Solute Log K a Log P b

tert-Butyl acetate 3.53 c 2.09

Benzil 8.74 3.87

Anthracene 7.90 4.87

Acenaphthene 6.75 4.39

Xanthene 7.51 5.01

1-Chloroanthraquinone 9.99 3.95

Benzoic acid 6.68 1.54

4-tert-Butylbenzoic acid 8.79 3.56

3-Chlorobenzoic acid 7.36 2.22

4-Chlorobenzoic acid 7.10 2.30

3,4-Dichlorobenzoic acid 7.67 2.93

3,4-Dimethoxybenzoic acid 9.37 0.92

3,4,5-Trimethoxybenzoic acid 10.53 1.27

2-Hydroxybenzoic acid 7.23 1.87

2-Methoxybenzoic acid 7.69 0.89

4-Methoxybenzoic acid 8.19 1.49

2-Methylbenzoic acid 6.30 2.00

3-Methylbenzoic acid 7.04 2.06
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Table 5. Cont.

Solute Log K a Log P b

2-Methyl-3-nitrobenzoic acid 8.65 1.91

3-Methyl-4-nitrobenzoic acid 8.37 2.00

4-Methyl-3-nitrobenzoic acid 9.03 1.72

3-Nitrobenzoic acid 8.37 1.44

4-Nitrobenzoic acid 8.56 1.66

3,5-Dinitrobenzoic acid 9.95 1.65

2-Chloro-5-nitrobenzoic acid 9.00 2.05

4-Chloro-3-nitrobenzoic acid 9.38 2.17

2-Ethylanthraquinone 9.53 4.71

Diphenyl sulfone 10.22 2.83

Acetylsalicylic acid 9.36 0.86

Salicylamide 8.92 1.24

Benzoin 11.07 2.34

Hippuric acid 11.72 −0.55

Lovastatin 18.10 4.09

Simvastatin 18.17 4.23
a For the crystalline solutes, the experimental value was log (CS,organic/CS,gas). The estimated uncertainty in log
(CS,organic/CS,water) was 0.02, based on uncertainties in the mole fraction solubilities. b For the crystalline solutes
the experimental value was log (CS,organic/CS,water). The estimated uncertainty in log (CS,organic/CS,water) was 0.02,
based on uncertainties in the mole fraction solubilities. c Log K was calculated based on an activity coefficient of
unity for tert-butyl acetate dissolved in tert-butyl acetate.

Table 6. Solute descriptors of the compounds used in the regression analysis for determining the
Abraham model correlations for tert-butyl acetate, ethyl acetate, and butyl acetate.

Solute E S A B L V

Radon 0.000 0.000 0.000 0.000 0.877 0.3840

Hydrogen 0.000 0.000 0.000 0.000 −1.200 0.1086

Oxygen 0.000 0.000 0.000 0.000 −0.723 0.1830

Nitrogen 0.000 0.000 0.000 0.000 −0.978 0.2222

Carbon monoxide 0.000 0.000 0.000 0.040 −0.836 0.2220

Sulfur dioxide 0.370 0.660 0.240 0.190 0.778 0.3465

Ethane 0.000 0.000 0.000 0.000 0.492 0.3904

2-Methylpropane 0.000 0.000 0.000 0.000 1.409 0.6722

Pentane 0.000 0.000 0.000 0.000 2.162 0.8131

Hexane 0.000 0.000 0.000 0.000 2.668 0.9540

Heptane 0.000 0.000 0.000 0.000 3.173 1.0949

Octane 0.000 0.000 0.000 0.000 3.677 1.2358

Nonane 0.000 0.000 0.000 0.000 4.182 1.3767

Octadecane 0.000 0.000 0.000 0.000 8.722 2.6448

Nonadecane 0.000 0.000 0.000 0.000 9.226 2.7857

Eicosane 0.000 0.000 0.000 0.000 9.731 2.9266
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Table 6. Cont.

Solute E S A B L V

Docosane 0.000 0.000 0.000 0.000 10.740 3.2084

Tricosane 0.000 0.000 0.000 0.000 11.252 3.3493

Tetracosane 0.000 0.000 0.000 0.000 11.758 3.4902

Octacosane 0.000 0.000 0.000 0.000 13.780 4.0538

2-Methylpentane 0.000 0.000 0.000 0.000 2.503 0.9540

2,4-Dimethylpentane 0.000 0.000 0.000 0.000 2.809 1.0949

2,5-Dimethyhexane 0.000 0.000 0.000 0.000 3.308 1.2358

2,3,4-Trimethylpentane 0.000 0.000 0.000 0.000 3.481 1.2358

Cyclohexane 0.305 0.100 0.000 0.000 2.964 0.8454

Ethylcyclhexane 0.263 0.100 0.000 0.000 3.877 1.1272

Propene 0.103 0.080 0.000 0.070 0.946 0.4883

trans-But-2-ene 0.126 0.080 0.000 0.050 1.664 0.6292

Pent-1-ene 0.093 0.080 0.000 0.070 2.047 0.7701

2-Methylprop-1-ene 0.120 0.080 0.000 0.080 1.579 0.6292

3-Methylbut-1-ene 0.063 0.060 0.000 0.050 1.933 0.7701

Hept-1-ene 0.092 0.080 0.000 0.070 3.063 1.0519

Buta-1,2-diene 0.320 0.230 0.000 0.100 1.543 0.5862

2-Methylbuta-1,3-diene 0.313 0.230 0.000 0.100 2.101 0.7271

Hepta-1,6-diene 0.189 0.200 0.000 0.100 3.028 1.0089

Dichloromethane 0.387 0.570 0.100 0.050 2.019 0.4943

Trichloromethane 0.425 0.490 0.150 0.020 2.480 0.6167

Tetrachloromethane 0.458 0.380 0.000 0.000 2.823 0.7391

1,2-Dichloroethane 0.416 0.640 0.100 0.110 2.573 0.6352

1-Chloropropane 0.216 0.400 0.000 0.100 2.202 0.6537

1-Chlorobutane 0.210 0.400 0.000 0.100 2.722 0.7946

2-Chloro-2-methylpropane 0.142 0.300 0.000 0.030 2.273 0.7946

Bromoethane 0.366 0.400 0.000 0.120 2.120 0.5654

2-Bromo-2-methylpropane 0.305 0.290 0.000 0.070 2.609 0.8472

Iodomethane 0.676 0.430 0.000 0.120 2.106 0.5077

Iodoethane 0.640 0.400 0.000 0.140 2.573 0.6486

1,1,2-Triflurotrichlroethane 0.010 0.130 0.000 0.000 2.210 0.8107

1,2-Difluorotetrachlroethane 0.227 0.330 0.000 0.020 3.034 0.9154

Tetrahydrofuran 0.289 0.520 0.000 0.480 2.636 0.6223

1,4-Dioxane 0.329 0.750 0.000 0.640 2.892 0.6810

2-Methylpropionaldehyde 0.144 0.620 0.000 0.450 2.120 0.6879

Propanone 0.179 0.700 0.040 0.490 1.696 0.5470

Butanone 0.166 0.700 0.000 0.510 2.287 0.6879

Ethyl acetate 0.106 0.620 0.000 0.450 2.314 0.7466

Butyl acetate 0.071 0.600 0.000 0.450 3.353 1.0284
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Table 6. Cont.

Solute E S A B L V

Acetonitrile 0.237 0.900 0.070 0.320 1.739 0.4042

Propionitrile 0.162 0.900 0.020 0.360 2.082 0.5450

Diethylamine 0.154 0.300 0.080 0.690 2.395 0.7220

Triethylamine 0.101 0.150 0.000 0.790 3.040 1.0538

Nitromethane 0.313 0.950 0.060 0.310 1.892 0.4237

N,N-Dimethylformaide 0.367 1.310 0.000 0.740 3.173 0.6468

Methanol 0.278 0.440 0.430 0.470 0.970 0.3082

Ethanol 0.246 0.420 0.370 0.480 1.485 0.4491

1-Propanol 0.236 0.420 0.370 0.480 2.031 0.5900

1-Pentanol 0.219 0.420 0.370 0.480 3.106 0.8718

1-Hexanol 0.210 0.420 0.370 0.480 3.610 1.0127

2-Propanol 0.212 0.360 0.330 0.560 1.764 0.5900

2-Butanol 0.217 0.360 0.330 0.560 2.338 0.7309

2-Methyl-1-propanol 0.217 0.390 0.370 0.480 2.413 0.7309

3-Methyl-1-butanol 0.192 0.390 0.370 0.480 3.011 0.8718

Cyclohexanol 0.460 0.540 0.320 0.570 3.758 0.9040

1,3-Dichloro-2-propanol 0.546 0.930 0.420 0.540 3.650 0.8348

Dimethyl sulfoxide 0.522 1.720 0.000 0.970 3.401 0.6126

Carbon disulfide 0.876 0.260 0.000 0.030 2.370 0.4905

Tetramethyltin 0.324 0.110 0.000 0.100 2.651 1.0431

Benzene 0.610 0.520 0.000 0.140 2.786 0.7164

Toluene 0.601 0.520 0.000 0.140 3.325 0.8573

o-Xylene 0.663 0.560 0.000 0.160 3.939 0.9982

m-Xylene 0.623 0.520 0.000 0.160 3.839 0.9982

p-Xylene 0.613 0.520 0.000 0.160 3.839 0.9982

trans-Stilbene 1.350 1.210 0.000 0.230 7.456 1.5630

Acenaphthene 1.604 1.050 0.000 0.220 6.469 1.2586

Anthracene 2.290 1.340 0.000 0.280 7.568 1.4544

Phenanthrene 2.055 1.290 0.000 0.290 7.632 1.4544

Fluoranthene 2.377 1.550 0.000 0.240 8.827 1.5846

Pyrene 2.808 1.710 0.000 0.280 8.833 1.5846

Chlorobenzene 0.718 0.650 0.000 0.070 3.657 0.8388

Aniline 0.955 0.960 0.260 0.410 3.934 0.8162

Benzoic acid 0.730 0.900 0.590 0.400 4.657 0.9317

2-Hydroxybenzoic acid 0.900 0.850 0.730 0.370 4.732 0.9904

4-Hydroxybenzoic acid 0.930 0.900 0.810 0.560 4.867 0.9904

Methyl 4-hydroxybenzoate 0.900 1.370 0.690 0.450 5.665 1.1313

2-Methylpyridine 0.598 0.750 0.000 0.580 3.422 0.8162

2-Furaldehyde 0.690 1.130 0.000 0.450 3.318 0.6929

Phenylacetic acid 0.730 1.080 0.660 0.570 4.962 1.0726
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Table 6. Cont.

Solute E S A B L V

4-Hydroxyphenylacetic acid 1.030 1.450 0.940 0.740 5.902 1.1313

4-Ethoxyacetanilide 0.940 1.480 0.480 0.860 6.893 1.4542

Betulin 1.790 2.120 0.700 1.140 17.470 3.8670

3-Nitrophthalic acid 1.360 2.010 1.200 0.890 7.780 1.3212

Acetylsalicylic acid 0.781 1.690 0.710 0.670 6.279 1.2879

3-Chlorobenzoic acid 0.840 0.950 0.630 0.320 5.197 1.0541

4-Chlorobenzoic acid 0.840 1.020 0.630 0.270 4.947 1.0541

3-Nitrobenzoic acid 0.990 1.180 0.730 0.520 5.601 1.1059

4-Nitrobenzoic acid 0.990 1.520 0.680 0.400 5.770 1.1059

3,5-Dinitrobenzoic acid 1.250 1.630 0.700 0.590 6.984 1.2801

4-Chloro-3-nitrobenzoic acid 1.250 1.470 0.700 0.440 6.685 1.2283

2-Chloro-5-nitrobenzoic acid 1.250 1.400 0.670 0.460 6.513 1.2283

2-Methoxybenzoic acid 0.899 1.410 0.450 0.620 5.636 1.1313

4-Methoxybenzoic acid 0.899 1.250 0.620 0.520 5.741 1.1313

2-Methylbenzoic acid 0.730 0.840 0.420 0.440 4.677 1.0726

3-Methylbenzoic acid 0.730 0.890 0.600 0.400 4.819 1.0726

Ketoprofen 1.650 2.260 0.550 0.890 10.527 1.9779

Naproxen 1.510 2.020 0.600 0.670 9.207 1.7821

Haloperidol 1.900 1.390 0.400 1.760 12.819 2.7980

Paracetamol 1.060 1.630 1.040 0.860 6.430 1.1724

4-Nitrobenzyl chloride 1.080 1.350 0.000 0.350 5.806 1.1539

Salicylamide 1.160 1.580 0.610 0.510 5.818 1.0315

Benzil 1.445 1.590 0.000 0.620 7.611 1.6374

1-Chloroanthraquinone 1.900 1.790 0.000 0.570 9.171 1.6512

Monuron 1.140 1.500 0.470 0.780 7.180 1.4768

Diuron 1.280 1.600 0.570 0.700 8.060 1.5992

Ferrocene 1.350 0.850 0.000 0.200 5.622 1.1209

Diphenyl sulfone 1.570 2.150 0.000 0.700 8.902 1.6051

Hexachlorobenzene 1.490 0.990 0.000 0.000 7.390 1.4508

Hydroquinone 1.063 1.270 1.060 0.570 4.827 0.8338

1,3-Dicyanobenzene 0.890 1.639 0.000 0.561 5.372 1.0258

1,4-Dicyanobenzene 0.870 1.602 0.000 0.470 5.330 1.0258

Benzenesulfonamide 1.130 2.137 0.651 0.647 6.524 1.0971

2-Chlorobenzenesulfonamide 1.220 2.310 0.660 0.623 7.291 1.2195

o-Toluenesulfonamide 1.130 2.157 0.692 0.595 7.076 1.2380

p-Toluenesulfonamide 1.130 2.203 0.680 0.679 7.108 1.2380

Methyl 2-Sulfamoylbenzoate 1.170 2.813 0.664 0.928 8.476 1.4533

2-Chlorothioxanthone 2.226 1.394 0.000 0.556 9.319 1.6581

2-Mercapto-1,3,4-thiadizole 1.166 1.066 0.365 0.457 4.285 0.7224

Dapsone 2.210 3.370 0.800 1.080 11.716 1.8047
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Table 6. Cont.

Solute E S A B L V

Salicylanilide 1.868 2.161 0.895 0.361 8.915 1.4436

Dimethyl terephthalate 0.788 1.426 0.000 0.567 6.519 1.4288

5,6-Dimethoxy-1-indanone 1.037 1.211 0.000 0.785 6.703 1.4454

Pyrazinamide 1.030 1.458 0.331 0.856 4.976 0.8106

3-Methyl-4-nitrophenol 1.070 1.300 0.740 0.320 5.731 1.0902

2-Ethoxybenzamide 0.910 1.406 0.377 0.952 6.297 1.3133

Chlorpropanamide 1.224 2.234 0.734 0.988 9.712 1.8986

Thioxanthen-9-one 1.940 1.441 0.000 0.557 8.436 1.5357

2-Iodoaniline 1.530 1.096 0.130 0.426 5.818 1.0744

4-Iodoaniline 1.530 1.342 0.225 0.400 6.031 1.0744

Nicotinamide 1.010 1.277 0.621 0.958 5.067 0.9317

2-Phenylindole 1.990 1.880 0.420 0.360 9.051 1.5542

Syringic acid 1.070 1.790 0.820 0.900 7.269 1.3896

Kojic acid 1.130 1.589 0.706 0.939 5.594 0.9512

Pyrimethamine 2.230 1.863 0.392 1.101 10.508 1.8458

2-Bromodibenzofuran 2.340 1.778 0.000 0.612 10.781 1.9218

p-Coumaric acid 1.330 1.453 0.841 0.674 6.795 1.2292

2,4-Dinitroaniline 1.430 2.197 0.554 0.310 7.259 1.1646

Terephthaldehyde 1.030 1.235 0.000 0.566 5.235 1.0296

2-Methoxy-4-nitroaniline 1.220 1.680 0.170 0.460 6.474 1.1900

2-Chloro-5-nitroaniline 1.290 1.564 0.268 0.358 6.238 1.1128

1-Methyl-4-
(methylsulfonyl)benzene 0.792 1.573 0.000 0.788 6.034 1.2791

1,3-Diphenylguanidine 1.540 1.974 0.585 0.767 9.216 1.7215

Tinidazole 1.400 2.768 0.000 1.348 9.402 1.6959

Sorafenib 2.460 2.913 0.574 1.494 15.998 3.0195

3,4-Dichlorobenzoic acid 0.950 0.920 0.670 0.260 5.623 1.1766

3,4-Dimethoxybenzoic acid 0.950 1.646 0.570 0.755 6.746 1.3309

3,4,5-Trimethoxybenzoic acid 1.001 1.760 0.603 0.850 7.711 1.5309

4-tert-Butylbenzoic acid 0.730 1.111 0.551 0.443 6.547 1.4953

Vanillin 0.990 1.336 0.321 0.662 5.703 1.1313

Isovanillin 1.040 1.477 0.308 0.681 5.868 1.1313

2-Ethylanthraquinone 1.410 1.545 0.000 0.557 8.781 1.8106

Benzoin 1.587 2.115 0.196 0.847 9.159 1.6804

Hippuric acid 1.170 1.839 1.207 0.918 7.375 1.3290

2-Methyl-3-nitrobenzoic acid 1.040 1.396 0.541 0.532 6.332 1.2468

3-Methyl-4-nitrobenzoic acid 1.040 1.336 0.525 0.500 6.266 1.2468

4-Methyl-3-nitrobenzoic acid 1.040 1.461 0.659 0.521 6.434 1.2468

Sorbic acid 0.480 0.904 0.528 0.432 4.047 0.9424

Maltol 0.888 1.152 0.212 0.763 4.510 0.8925

o-Acetoacetanisidide 1.190 2.333 0.264 1.025 8.563 1.6108
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Table 6. Cont.

Solute E S A B L V

Isophthalic acid 1.100 1.210 0.960 0.590 5.988 1.1470

Vanillyl alcohol 1.053 1.817 0.755 0.890 6.464 1.1743

Ethyl vanillin 1.040 1.587 0.411 0.664 6.544 1.2722

Vanillic acid 1.144 1.476 0.826 0.639 6.407 1.1900

3,4-Dichloro-1-nitrobenzene 1.100 1.333 0.000 0.141 5.782 1.1354

2,3-Dichloro-1-nitrobenzene 1.100 1.563 0.000 0.098 6.001 1.1354

3,5-Dinitro-2-methylbenzoic acid 1.310 2.120 0.750 0.650 8.040 1.4210

Xanthone 1.640 1.173 0.000 0.563 7.466 1.4309

Lovastatin 1.230 2.730 0.310 1.760 15.459 3.2853

Simvastatin 1.350 2.550 0.320 1.860 15.551 3.4268

2-Bromo-9-fluorenone 1.840 1.425 0.000 0.399 8.415 1.5472

Benorilate 1.897 2.916 0.484 1.364 12.564 2.2930

Probenecid 1.206 1.951 0.701 1.080 10.369 2.1578

3-Methylflavone-8-carboxylic acid 2.050 1.929 0.485 1.034 10.969 2.0259

Metamitron 1.650 2.248 0.395 1.032 6.777 1.5003

Once the numerical values had been inserted into the equations, the only quantities left
without numerical values were the two sets of equation coefficients (ceq 1, eeq 1, seq 1, aeq 1,
beq 1, veq 1) and (ceq 2, eeq 2, seq 2, aeq 2, beq 2, leq 2) for the tert-butyl acetate mono-solvent. The
34 log (CS,organic/CS,water) equations and 34 log (CS,organic/CS,gas) equations were solved
simultaneously to yield:

Log (CS,organic/CS,water) = 0.456(0.110) + 0.324(0.090) E − 0.661(0.111) S

− 1.068(0.084) A − 4.680(0.228) B + 4.101(0.115) V

(with N = 34, SD = 0.100, R2 = 0.994, F = 990.6)
(7)

Log (CS,organic/CS,gas) = 0.178(0.088) − 0.444(0.061) E + 1.045(0.090) S

+ 2.522(0.077) A + 0.964(0.017) L

(with N = 34, SD = 0.103, R2 = 0.999, F = 5319),
(8)

the values of the respective equation coefficients that best describe the logarithms of the
observed molar solubility ratios. The b × B term is missing in Equation (8), because tert-
butyl acetate lacks an acidic hydrogen, and thus, it cannot act as an H-bond donor. Both
correlations were obtained using the IBM SPSS Statistical 22 commercial software.

The two Abraham model correlations provided a very accurate mathematical de-
scription of the observed molar solubility ratios, as evidenced by the near-unity squared
correlation coefficients (R2 = 0.994 for Equation (7) and R2 = 0.999 for Equation (8)) and low
standard deviations (SD = 0.100 log units for Equation (7) and SD = 0.103 log units for Equa-
tion (8)). Figures 1 and 2 provide a graphical comparison of the experimental data versus
back-calculated values based on Equations (8) and (7), respectively. The experimental log
(CS,organic/CS,gas) values spanned a range of approximately 14.6 log units. A slightly smaller
range of approximately 5.6 log units was spanned by the log (CS,organic/CS,water) values. As
an informational note, Equations (7) and (8) were built using a small dataset containing
only 34 compounds. Several of the compounds in the dataset were structurally similar to
each other, so there would have been some intercorrelation between their descriptor values.
In the case of Equation (8), strong correlations were found between the B and S, B and L,
and S and L descriptors. For Equation (7), strong correlations were noted between B and S,

36



Liquids 2022, 2

B and V, and S and V. Intercorrelations would diminish as more experimental values were
added to the datasets.

The existing Abraham model correlations for both ethyl acetate and butyl acetate
were published in 2008, based on the experimental solubility and infinite dilution activity
coefficient data that were available at the time. During the last 10 years, there has been
an enormous quantity of experimental solubility data reported for new pharmaceutical
compounds, pesticides and herbicides, and important chemical reactants used in industrial
manufacturing processes. A recent search of the published chemical literature managed to
find experimental mole fraction solubility data for an additional 64 and 35 organic com-
pounds dissolved in ethyl acetate and butyl acetate, respectively. The additional solubility
data represent an approximate 50% increase in the number of experimental data points that
are now available to update the earlier 2008 correlations. The additional compounds include
not only important medicinal compounds (simvastatin, lovastatin, sorafenib, tinidazole,
dapsone, chlorpropanamide, benorilate, probenecid), flavoring agents (vanillin, vanillic
acid, vanillyl alcohol, ethyl vanillin), and substituted benzoic acid derivatives, but also
a wide range of multi-functional organic compounds of varying shapes and sizes. The
entire ethyl acetate and butyl acetate datasets are given in Tables 6 and 7, respectively,
along with the references from which the data were taken. In order to conserve journal
space, the experimental values used in deriving the earlier correlations are referenced to
the earlier paper [19] in which Equations (3)–(6) first appeared. Experimental-based solute
descriptors of several of the additional compounds are reported for the first time in Table 6.
As an additional note, the datasets associated with the Abraham model solvent equations
have been used by several research groups [108–114] in developing group contribution
approaches, machine learning models, quantitative structure-property relationships, and
quantum-mechanical methods for predicting Gibbs energies of solvation and Gibbs ener-
gies of transfer for describing the equilibrium partitioning of solutes between two phases.
Tables 7 and 8 provide enlarged ethyl acetate and butyl acetate datasets to use in future
modelling endeavors.

 
Figure 1. Comparison of observed log (CS,organic/CS,gas) data versus back-calculated values based on
Equation (8) for tert-butyl acetate. The straight line that is drawn corresponds to log (CS,organic/CS,gas)
(Calculated) = log (CS,organic/CS,gas) (Experimental).
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Figure 2. Comparison of observed log (CS,organic/CS,water) data versus back-calculated values
based on Equation (7) for tert-butyl acetate. The straight line that is drawn corresponds to log
(CS,organic/CS,water) (Calculated) = log (CS,organic/CS,water) (Experimental).

Table 7. Experimental logarithms of molar solubility ratios; water-to-ethyl acetate transfer coefficients,
log P; and gas-to-ethyl acetate partition coefficients, log K, at 298.15 K.

Solute Log K a Log P b Ref.

Radon 0.810 1.460 [19]

Hydrogen −1.070 0.650 [19]

Oxygen −0.660 0.850 [19]

Nitrogen −0.760 1.040 [19]

Carbon monoxide −0.600 1.020 [19]

Sulfur dioxide 2.360 0.830 [19]

Ethane 0.490 1.830 [19]

2-Methylpropane 1.580 3.280 [19]

Pentane 2.090 3.790 [19]

Hexane 2.540 4.360 [19]

Heptane 2.980 4.940 [19]

Octane 3.450 5.560 [19]

Nonane 3.910 6.060 [19]

2-Methylpentane 2.410 4.250 [19]

2,4-Dimethylpentane 2.700 4.780 [19]

2,5-Dimethyhexane 3.160 5.180 [19]

2,3,4-Trimethylpentane 3.230 5.110 [19]

Cyclohexane 2.760 3.660 [19]

Ethylcyclhexane 3.540 5.120 [19]

Propene 1.110 2.080 [19]

trans-But-2-ene 2.030 3.140 [19]
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Table 7. Cont.

Solute Log K a Log P b Ref.

Pent-1-ene 2.170 3.400 [19]

2-Methylprop-1-ene 1.870 2.730 [19]

3-Methylbut-1-ene 2.010 3.350 [19]

Hept-1-ene 2.980 4.300 [19]

Buta-1,2-diene 2.080 2.530 [19]

2-Methylbuta-1,3-diene 2.410 2.910 [19]

Hepta-1,6-diene 3.370 4.220 [19]

Dichloromethane 2.960 2.000 [19]

Trichloromethane 3.380 2.590 [19]

Tetrachloromethane 3.100 3.290 [19]

1,2-Dichloroethane 3.460 2.190 [19]

1-Chloropropane 2.700 2.460 [19]

1-Chlorobutane 3.160 3.040 [19]

2-Chloro-2-methylpropane 2.610 3.410 [19]

Bromoethane 2.590 2.050 [19]

2-Bromo-2-methylpropane 2.970 3.570 [19]

Iodomethane 2.540 1.890 [19]

Iodoethane 2.960 2.420 [19]

1,1,2-Triflurotrichlroethane 2.490 3.790 [19]

1,2-Difluorotetrachlroethane 3.390 4.030 [19]

Tetrahydrofuran 3.010 0.460 [19]

1,4-Dioxane 3.670 −0.040 [19]

2-Methylpropionaldehyde 2.970 0.870 [19]

Propanone 2.860 0.030 [19]

Butanone 3.260 0.540 [19]

Ethyl acetate 3.300 1.140 [19]

Acetonitrile 3.070 0.220 [19]

Propionitrile 3.430 0.610 [19]

Diethylamine 2.750 −0.240 [19]

Triethylamine 3.130 0.770 [19]

Nitromethane 3.610 0.660 [19]

N,N-Dimethylformaide 4.470 −1.260 [19]

Methanol 2.700 −1.040 [19]

Ethanol 3.020 −0.650 [19]

2-Propanol 3.030 −0.450 [19]

Dimethyl sulfoxide 4.880 −2.980 [19]

Carbon disulfide 2.290 2.440 [19]

Tetramethyltin 2.640 4.170 [19]

Benzene 3.240 2.610 [19]

Toluene 3.690 3.040 [19]

trans-Stilbene 8.240 5.720 [85]
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Table 7. Cont.

Solute Log K a Log P b Ref.

Acenaphthene 6.920 4.560 [19]

Anthracene 8.150 5.120 [19]

Phenanthrene 8.120 5.320 [19]

Fluoranthene 9.280 5.840 [19]

Pyrene 9.280 5.780 [19]

Chlorobenzene 4.150 3.330 [19]

Aniline 5.490 1.190 [19]

Benzoic acid 6.910 1.790 [19]

2-Hydroxybenzoic acid 7.410 2.020 [19]

4-Hydroxybenzoic acid 8.110 1.330 [19]

Methyl 4-hydroxybenzoate 8.750 1.900 [19]

2-Methylpyridine 4.160 0.760 [19]

2-Furaldehyde 4.620 0.790 [19]

Phenylacetic acid 8.140 1.670 [19]

4-Hydroxyphenylacetic acid 9.950 0.440 [19]

4-Ethoxyacetanilide 9.420 1.420 [19]

Betulin 20.410 10.020 [19]

3-Nitrophthalic acid 12.680 0.010 [19]

Acetylsalicylic acid 9.900 1.330 [19]

3-Chlorobenzoic acid 7.610 2.460 [19]

4-Chlorobenzoic acid 7.410 2.610 [19]

3-Nitrobenzoic acid 8.750 1.820 [19]

4-Nitrobenzoic acid 8.980 2.080 [19]

3,5-Dinitrobenzoic acid 10.410 2.110 [19]

4-Chloro-3-nitrobenzoic acid 9.760 2.550 [19]

2-Chloro-5-nitrobenzoic acid 9.410 2.460 [19]

2-Methoxybenzoic acid 8.180 1.370 [19]

4-Methoxybenzoic acid 8.620 1.920 [19]

2-Methylbenzoic acid 6.530 2.230 [19]

3-Methylbenzoic acid 7.260 2.280 [19]

Ketoprofen 13.760 3.300 [19]

Naproxen 12.500 3.700 [19]

Salicylamide 9.230 1.630 [19]

Benzil 9.040 4.170 [19]

1-Chloroanthraquinone 10.410 4.380 [19]

Monuron 9.580 1.950 [19]

Diuron 10.700 2.700 [19]

Ferrocene 6.020 4.100 [19]

Diphenyl sulfone 10.670 3.280 [19]

Hexachlorobenzene 7.510 6.100 [19]

Docosane 10.010 13.580 [19]
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Table 7. Cont.

Solute Log K a Log P b Ref.

Tricosane 10.540 14.260 [19]

Hydroquinone 9.050 0.180 [19]

1,3-Dicyanobenzene 7.209 1.670 [39]

1,4-Dicyanobenzene 7.062 2.055 [34]

Benzenesulfonamide 10.581 0.811 [78]

2-Chlorobenzenesulfonamide 11.478 1.368 [33]

o-Toluenesulfonamide 11.189 1.574 [28]

p-Toluenesulfonamide 11.252 1.163 [74]

Methyl 2-Sulfamoylbenzoate 13.433 0.757 [77]

2-Chlorothioxanthone 9.878 4.789 [35]

2-Mercapto-1,3,4-thiadizole 6.127 0.780 [37]

Dapsone 16.998 1.408 [68]

Salicylanilide 13.001 3.502 [31]

Dimethyl terephthalate 8.015 3.373 [29]

5,6-Dimethoxy-1-indanone 7.722 2.487 [48]

Pyrazinamide 7.348 −0.569 [65]

3-Methyl-4-nitrophenol 8.881 2.550 [81]

2-Ethoxybenzamide 8.405 0.409 [82]

Chlorpropanamide 13.734 2.351 [30]

Thioxanthen-9-one 9.155 4.087 [58]

2-Iodoaniline 6.792 2.623 [46]

4-Iodoaniline 7.513 2.498 [46]

Nicotinamide 7.874 −1.148 [22]

2-Phenylindole 11.533 4.638 [44]

Syringic acid 11.199 0.700 [80]

Kojic acid 8.951 −1.167 [64]

Pyrimethamine 12.767 2.501 [47]

2-Bromodibenzofuran 11.704 5.505 [50]

p-Coumaric acid 10.061 1.187 [21]

2,4-Dinitroaniline 10.930 2.868 [51]

Terephthaldehyde 6.294 1.703 [52]

2-Methoxy-4-nitroaniline 8.569 2.742 [25]

2-Chloro-5-nitroaniline 8.427 2.912 [20]

1-Methyl-4-
(methylsulfonyl)benzene 7.731 1.549 [79]

1,3-Diphenylguanidine 12.388 2.986 [45]

Tinidazole 12.262 0.329 [38]

Sorafenib 19.501 4.760 [36]
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Table 7. Cont.

Solute Log K a Log P b Ref.

3,4-Dichlorobenzoic acid 7.939 3.199 [40]

3,4-Dimethoxybenzoic acid 9.680 1.410 [41]

3,4,5-Trimethoxybenzoic acid 11.012 1.757 [42]

4-tert-Butylbenzoic acid 8.951 3.726 [53]

Vanillin 7.739 1.311 [65]

Isovanillin 7.995 1.157 [86]

2-Ethylanthraquinone 9.925 5.111 [24]

Benzoin 11.512 2.781 [57]

Hippuric acid 12.276 0.001 [49]

2-Methyl-3-nitrobenzoic acid 8.951 2.214 [54]

3-Methyl-4-nitrobenzoic acid 8.743 2.379 [55]

4-Methyl-3-nitrobenzoic acid 9.485 2.173 [56]

Sorbic acid 6.340 1.429 [60]

Maltol 6.129 −0.045 [75]

o-Acetoacetanisidide 11.661 1.427 [63]

Isophthalic acid 9.193 0.933 [69]

Vanillyl alcohol 10.308 −0.114 [73]

Ethyl vanillin 9.075 1.734 [72]

Vanillic acid 9.983 1.317 [70]

3,4-Dichloro-1-nitrobenzene 6.712 4.006 [61]

2,3-Dichloro-1-nitrobenzene 7.280 4.187 [61]

3,5-Dinitro-2-methylbenzoic acid 12.058 2.102 [59]

Xanthone 8.034 3.624 [43]

Lovastatin 18.336 4.424 [23]

Simvastatin 18.400 4.749 [88]

2-Bromo-9-fluorenone 9.139 4.841 [67]

Benorilate 16.329 2.278 [32]

Probenecid 13.750 2.976 [76]

3-Methylflavone-8-carboxylic
acid 13.426 3.198 [84]

Metamitron 11.823 0.916 [87]
a For the crystalline solutes, the experimental value is log (CS,organic/CS,gas). b For the crystalline solutes, the
experimental value is log (CS,organic/CS,water).

Analysis of the experimental values in Tables 6 and 7 in accordance with the Abraham
general solvation model yielded the following mathematical correlations:

For Ethyl Acetate:

Log (CS,organic/CS,water) = 0.328(0.025) + 0.314(0.033) E - 0.348(0.039) S

− 0.847(0.043) A − 4.899(0.058) B + 4.142(0.025) V

(with N = 170, SD = 0.144, R2 = 0.996, F = 7548)
(9)

Log (CS,organic/CS,gas) = 0.171(0.020) − 0.403(0.030) E + 1.428(0.028) S

+ 2.726(0.038) A + 0.914(0.006) L

(with N = 170, SD = 0.131, R2 = 0.999, F = 42942)
(10)
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For Butyl Acetate:

Log (CS,organic/CS,water) = 0.289(0.037) + 0.336(0.041) E − 0.501(0.050) S

− 0.913(0.054) A − 4.964(0.063) B + 4.262(0.021) V

(with N = 108, SD = 0.140, R2 = 0.998, F = 11519)
(11)

Log (CS,organic/CS,gas) = 0.154(0.034) − 0.439(0.041) E + 1.223(0.041) S

+ 2.586(0.056) A + 0.953(0.006) L

(with N = 108, SD = 0.148, R2 = 0.999, F = 17169)
(12)

As, before, the b × B term was missing in Equations (10) and (12), neither ethyl acetate
nor butyl acetate could act as an H-bond donor. Neither solvent molecule possesses an
acidic hydrogen. All four derived correlations provided a reasonably accurate description
of the observed solubility and partition coefficient data, as numerically reflected by the
near unity squared correlation coefficient and the relatively small standard deviations. The
descriptive ability is further illustrated in Figures 3–6. For most of the solute molecules
considered, the graphed points fell near the drawn straight line, indicating a near-perfect
back-calculation.

Table 8. Experimental logarithms of molar solubility ratios; water-to-butyl acetate transfer coefficients,
log P; and gas-to-butyl acetate partition coefficients, log K, at 298.15 K.

Solute Log K a Log P b Ref.

Hydrogen −1.100 0.620 [19]

Nitrogen −0.800 1.000 [19]

Nitrous oxide 0.720 0.950 [19]

Carbon monoxide −0.640 0.980 [19]

Pentane 2.150 3.850 [19]

Hexane 2.630 4.450 [19]

Heptane 3.100 5.060 [19]

Octane 3.560 5.670 [19]

Nonane 4.020 6.170 [19]

2-Methylpentane 2.490 4.330 [19]

2,4-Dimethylpentane 2.790 4.870 [19]

2,5-Dimethylhexane 3.270 5.290 [19]

2,3,4-Trimethylpentane 3.340 5.220 [19]

Cyclohexane 2.870 3.770 [19]

Ethylcyclohexane 3.660 5.240 [19]

1-Heptene 3.140 4.360 [19]

1,6-Heptadiene 3.240 4.090 [19]

Carbon tetrachloride 3.120 3.310 [19]

Butyl acetate 4.090 2.150 [19]

2-Butanol 3.590 0.200 [19]

2-Methyl-1-propanol 3.550 0.250 [19]

1-Propanol 3.410 0.150 [19]

1-Pentanol 4.600 1.250 [19]

3-Methyl-1-butanol 4.240 1.000 [19]
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Table 8. Cont.

Solute Log K a Log P b Ref.

1-Hexanol 5.010 1.780 [19]

Cyclohexanol 5.180 1.170 [19]

1,3-Dichloro-2-propanol 5.560 0.380 [19]

Benzene 2.840 2.210 [19]

Toluene 4.030 3.380 [19]

o-Xylene 4.560 3.820 [19]

m-Xylene 4.440 3.830 [19]

p-Xylene 4.470 3.880 [19]

Octadecane 8.750 11.790 [19]

Nonadecane 9.280 12.490 [19]

Eicosane 9.470 12.780 [19]

Docosane 10.360 13.930 [19]

Tricosane 10.930 14.650 [19]

Tetracosane 11.260 15.100 [19]

Octacosane 13.090 17.430 [19]

Anthracene 8.160 5.130 [19]

Pyrene 9.290 5.790 [19]

Fluoranthene 9.270 5.830 [19]

Acenaphthene 6.910 4.550 [19]

Phenanthrene 8.090 5.290 [19]

Methyl 4-hydroxybenzoate 8.680 1.840 [19]

Benzoic acid 6.810 1.710 [19]

2-Hydroxybenzoic acid 7.340 1.950 [19]

4-Hydroxybenzoic acid 7.890 1.110 [19]

trans-Stilbene 8.210 5.690 [85]

Diuron 10.610 2.610 [19]

Monouron 9.390 1.760 [19]

Hexachlorobenzene 7.620 6.120 [19]

Diphenyl sulfone 10.440 3.050 [19]

4-Nitrobenzyl chloride 7.090 3.320 [19]

Paracetamol 10.380 −0.520 [19]

Ferrocene 6.010 4.243 [27]

3-Chlorobenzoic acid 7.500 2.350 [19]

4-Chlorobenzoic acid 7.210 2.410 [19]

3,4-Dichlorobenzoic acid 7.911 3.171 [40]

3-Nitrobenzoic acid 8.530 1.600 [19]

4-Nitrobenzoic acid 8.760 1.860 [19]

3,5-Dinitrobenzoic acid 10.180 1.880 [19]

3,5-Dinitro-2-methylbenzoic acid 11.853 1.897 [59]

2-Methylbenzoic acid 6.420 2.120 [19]
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Table 8. Cont.

Solute Log K a Log P b Ref.

3-Methylbenzoic acid 7.100 2.120 [19]

3-Methyl-4-nitrobenoic acid 8.635 2.271 [55]

Naproxen 12.200 3.400 [19]

Acetylsalicylic acid 9.580 1.080 [19]

2-Methoxybenzoic acid 7.880 1.080 [19]

4-Methoxybenzoic acid 8.410 1.710 [19]

3,4-Dimethoxybenzoic acid 9.462 1.192 [41]

3,4,5-Trimethoxybenzoic acid 10.757 1.501 [42]

Benzil 8.930 4.060 [19]

4-Nitroaniline 9.290 2.100 [19]

Haloperidol 14.320 3.020 [19]

Hydroquinone 8.960 0.140 [19]

1-Chloroanthraquinone 10.290 4.260 [19]

Salicylamide 9.010 1.410 [19]

4-Chloro-3-nitrobenzoic acid 9.390 2.360 [20]

2-Chloro-5-nitrobenzoic acid 9.130 2.180 [20]

Lovastatin 18.279 4.267 [23]

2-Ethylanthraquinone 9.865 5.042 [24]

Simvastatin 18.677 4.678 [88]

Thioxanthen-9-one 9.335 4.051 [58]

Benzoin 11.305 2.574 [57]

Maltol 6.033 −0.156 [75]

Nicotinamide 7.727 −1.295 [26]

2-Methyl-3-nitrobenzoic acid 8.847 2.110 [54]

4-tert-Butylbenzoic acid 8.825 3.600 [53]

o-Acetoacetanisidide 11.407 1.173 [63]

Xanthone 7.940 3.530 [43]

Vanillyl alcohol 9.948 −0.474 [73]

Hippuric acid 12.082 −0.193 [49]

2-Ethoxybenzamide 8.310 0.314 [83]

Chlorpropanamide 13.479 2.096 [30]

4-Methyl-3-nitrobenzoic acid 9.342 2.063 [56]

Dapsone 16.416 0.826 [68]

Salicylanilide 12.785 3.286 [31]

Dimethyl terephthalate 7.867 3.225 [29]

5,6-Dimethoxy-1-indanone 7.398 2.163 [48]

Pyrazinamide 7.108 −0.809 [65]

3-Methyl-4-nitrophenol 8.746 2.415 [81]

Tinidazole 11.922 −0.011 [38]

2-Bromo-9-fluorenone 9.134 4.836 [67]

Benorilate 15.974 1.925 [32]
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Table 8. Cont.

Solute Log K a Log P b Ref.

Probenecid 13.554 2.780 [76]

3-Methylflavone-8-carboxylic acid 13.151 2.923 [84]

Metamitron 11.593 0.686 [87]
a For the crystalline solutes, the experimental value is log (CS,organic/CS,gas). b For the crystalline solutes, the
experimental value is log (CS,organic/CS,water).

We further note that the numerical values of the equation coefficients changed slightly
from the values given in the earlier 2008 correlations (See Equations (3)–(6)). The change is
likely reflected by the addition of several large, highly basic molecules (sorafenib, B = 1.494,
V = 3.0195; lovastatin, B = 1.760, V = 3.2853; simvastatin, B = 1.860, V = 3.4268) to the
datasets. Prior to the inclusion of an additional 64 compounds, betulin (B = 1.140) was
the only compound in the ethyl acetate dataset having a B-solute descriptor that exceeded
unity. It is important to periodically update existing correlations as new experimental data
become available in order to expand the predictive area of chemical space. Ethyl acetate and,
to a lesser extent, butyl acetate are solvents that researchers use in performing solubility
studies on new drug molecules. These are also two organic solvents that we routinely use
in calculating solute descriptor values. Datasets used in determining the Abraham model
correlations need to contain solutes that possess the molecular size, polarity, and lipophilicity
common to the newly approved medicinal compounds, if the correlations are to be used in
calculating solute descriptors of these compounds. Newer drug molecules tend to be larger
and more lipophilic and possess a greater H-bond acceptor capability than older drugs [115].
The predictive area of chemical space covered by the Abraham model correlations needs to
keep pace with the molecular properties of today’s modern drug molecules.

Many of the compounds used in chemical manufacturing processes will have solute
descriptors that fall within these ranges. Currently solute descriptors are readily available
on the UFZ-LSER internet website [116] for more than 8500 different organic compounds. If
not available, there are group contribution methods [117,118], as well as machine learning
models [108,119], that can be used to estimate the desired descriptor values. The estimation
requires simply inputting the canonical SMILES code of the desired solute into the software
program found at either the UFZ-LSER website or at the RMG-MIT website link embedded
in [89] in the published paper [108].

Figure 3. Comparison of observed log K and log (CS,organic/CS,gas) data versus back-calculated values
based on Equation (10) for ethyl acetate. The straight line that is drawn corresponds to log K and
log (CS,organic/CS,gas) (Calc) = log K and log (CS,organic/CS,gas) (Exp).
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Figure 4. Comparison of observed log P and log (CS,organic/CS,water) data versus back-calculated
values based on Equation (9) for ethyl acetate. The straight line that is drawn corresponds to log P and
log (CS,organic/CS,water) (Calc) = log P and log (CS,organic/CS,water) (Exp).

 
Figure 5. Comparison of observed log K and log (CS,organic/CS,gas) data versus back-calculated values
based on Equation (12) for butyl acetate. The straight line that is drawn corresponds to log K and
log (CS,organic/CS,gas) (Calc) = log K and log (CS,organic/CS,gas) (Exp).
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Figure 6. Comparison of observed log P and log (CS,organic/CS,water) data versus back-calculated
values based on Equation (11) for butyl acetate. The straight line that is drawn corresponds to log P
and log (CS,organic/CS,water) (Calc) = log P and log (CS,organic/CS,water) (Exp).

4. Conclusions

Mathematical expressions based upon the Abraham general solvation parameter
model were obtained for predicting the solute transfer of molecular organic compounds
and inorganic gases into three alkyl acetate mono-solvents (tert-butyl acetate, ethyl acetate,
and butyl acetate). The predictive expressions for the three alkyl acetate solvents were
determined using chemically diverse datasets, which contained 34, 170, and 108 solutes of
various molecular sizes and shapes, polarities, and hydrogen-bonding characteristics. The
mathematical correlations presented in the current study describe the observed solubility
ratios of solutes dissolved in tert-butyl acetate, ethyl acetate, and butyl acetate to within
an overall standard deviation of 0.15 log units or less. Based on our past experience using
the Abraham model, we fully expect the derived mathematical expressions to provide
comparable predictions for the solubility and partitioning behavior of additional organic
solutes in the three fore-mentioned solvents, provided, of course, that the descriptor values
of the additional solutes fall within the range of values used in deriving the respective
predictive expression. Many of the compounds used in chemical manufacturing processes
will have solute descriptors that fall within these ranges.
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Abstract: Methods of predicting mineral scale formation have evolved over the years from simple
empirical fittings to sophisticated computational programs. Though best practices can now solve
complex multi-phase, multi-component systems, they are largely restricted to temperatures below
300 ◦C. This review examines critical gaps in existing mineral scale modeling approaches as well as
strategies to overcome them. Above 300 ◦C, the most widely used model of standard thermodynamic
functions for aqueous species fails when fluid densities are below 0.7 g cm−3. This failure occurs due
to the model’s reliance on an empirical form of the Born equation which is unable to capture the trends
observed in these high temperature, low density regimes. However, new models based on molecular
solvent-solute interactions offer a pathway to overcome some of the deficiencies currently limiting
high-temperature and high-pressure mineral scale predictions. Examples of the most common scale
prediction methods are presented, and their advantages and disadvantages are discussed.

Keywords: mineral scale; high temperature; high pressure; review scaling models; aqueous species;
partial molar Gibbs energy; equilibrium constants; Gibbs energy minimization

1. Introduction

The safety and reliance of many engineering applications rely on the prediction of
operating scenarios that lead to severe mineral scale formation events. A classic example
of the immediate and dramatic effects of scale formation is an event that occurred during
early production from the Miller oil field which brought production of 30,000 barrels a
day to zero in 24 h [1]. Knowledge of scaling conditions inform operating decisions that
directly affect lifetime and safety [2]. As such, methods of modeling mineral solubility,
which is the driving force for scale formation, date back to the early 1900s and are still being
improved today. When available, mineral scale models can be used to (i) avoid mixing of
incompatible brines, (ii) determine if scale inhibitors are needed and (iii) predict when scale
removal maintenance is required [2,3]. Some common mineral scales are sulfate-based (Ba,
Sr, Ca), oxides/hydroxide-based (Fe, Mg), and carbonate-based (Ca, Mg, Fe) [2]. However,
the development of models to predict the formation of all these possibilities is an ongoing
effort with many challenges due to the number of possible conditions that lead to mineral
scale formation.

Determining the thermodynamic favorability of mineral scale formation is the first
and most important step in combating mineral scaling. Thermodynamic favorability is
governed by a mineral’s solubility limit (bsat) and whether a particular fluid is above or
below that limit. As such, knowing bsat is paramount to effective mineral scale control. To
better predict bsat, the modeling of how it changes with system conditions has evolved
from simple polynomials [4,5] to sophisticated thermodynamic programs [6–9] containing
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computational algorithms and thermodynamic databases [10–12]. This progression was
a necessary response to the increasing complexity and diversity of how different min-
eral solubility limits change with the composition, temperature and pressure of fluids
observed in applications which now range from low-temperature, low-pressure (LTLP)
to high-temperature, high-pressure (HTHP) conditions [2,3]. Though complex, it is vital
that thermodynamic models reliably capture these trends because system properties (tem-
perature, pressure, etc.) vary dramatically within a system which can promote scaling in
different regions (see Figure 1).

Figure 1. (a) A generic demonstration of how mineral solubility limits (bsat) can vary with temperature
for three different minerals (not to scale), (b) an example of how temperature and pressure gradients
can promote mineral scale formation (without considering the scaling kinetics), and (c) an image
capturing the possible consequences of mineral scale formation [13]. Figure 1c is reprinted with
permission from [13]. Copyright 2022 FQE Chemicals.

The solubility limits of a mineral depend strongly on the capacity of a solution to
solubilize the solute species needed to form that mineral. This capacity is called the ion
activity product (IAP), and it is used with a solubility product (Ksp) to assess a fluids
tendency for scale formation [14,15]. This tendency is quantified with what is known as the
scale saturation ratio (SR),

SR =
IAP
Ksp

(1)

which is a ratio of the IAP to Ksp for a given mineral [14,15].
For barite, a common scale in oil and gas applications, the SR is determined as follows:

SR(Barite) =
aBa2+(aq)aSO4

2−(aq)

Ksp, BaSO4(s)
(2)

where aBa2+(aq) is the activity of barium ions and aSO4
2−(aq) is the activity of sulfate ions

within the solution. The IAP value represents the activities of species present in the so-
lution, which can deviate from what is thermodynamically stable, and is affected by
side reactions with other chemical species also within the solution [14]. Setting aside the
non-thermodynamic contributions (e.g., kinetics of scaling), the influence of possible side
reactions with additional chemical species is no trivial matter and a primary driver of
the steady evolution of models to predict the solubility limit of minerals that account for
multi-phase, multi-component contributions.

Many publications address the modeling of mineral solubility limits; all of which can
be sub-divided into three distinct strategies that have certain advantages and disadvantages.
However, the option to use a particular method depends strongly on the availability
of specific datasets. Over the last 40 years, the three options most frequently used are
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(i) empirical data fits of experimental data from solubility experiments, (ii) thermodynamic
calculation of solubility products from thermodynamic databases, and (iii) multi-phase,
multi-component computational thermodynamic programs. The first approach requires
experimental solubility limit data for the system of interest, whereas the last two approaches
leverage databases and publications that provide standard partial molar Gibbs energy
values for the species of interest to these models. Each method can be further sub-divided
to differentiate the range of sub-techniques used to obtain solubility limits of scaling
minerals (see Figure 2).

 
Figure 2. Model evolution tree of mineral scale solubility models from the 1980s to today. The grey
boxes are examples of the different techniques.

Though empirical fits are often the easiest to apply and the most readily available
for simple systems, they have been steadily phased out from use for multi-phase, multi-
component environments.

Because a number of reviews have already been conducted on mineral scale modeling
strategies, we will briefly draw attention to some of their main findings to emphasize how
this review differs. A few recent publications have identified important deficiencies in scale
modeling methods for the petroleum and natural gas industry up to 200 ◦C. They found
that the availability of experimental data [16,17] and shortcomings in activity coefficient
modeling databases are both impeding reliable mineral scale modeling efforts [16,18].
A few studies have also stressed the need to incorporate multi-phase, multicomponent
features into scale modeling practices given their significant impact to several important
mineral scale chemistries [16,18]. Other studies have focused on the role of scale mitigation
strategies through the use of inhibitors [17,19,20]. However, none of these works discuss
the underlying model limitations for the standard thermodynamic functions that underpin
many of these modeling methods if extended to temperatures above 300 ◦C. Likewise,
the internal consistency and viability of available standard Gibbs energy and equilibrium
constant data used by many scale modeling programs are rarely discussed. Here, we
provide a general overview of basic scale modeling methods, discuss overlooked technical
gaps still present in commonly used standard thermodynamic functions and highlight
strategies to overcome them.

2. Empirical Fitting Methods

One of the earliest methods for modeling the solubility limits of mineral scale were
basic empirical fits of solubility data. Prior to the early 1980s, the partial molar standard
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Gibbs energy data required to determine the thermodynamic driving force for mineral
scale deposition reactions were not readily accessible or known for many conditions [21].
A good example of this method is calcium carbonate mineral scale in pure water and
saltwater environments [5,22]. These empirical fits were used to model solubility limits for
specific systems with known compositions, temperatures, and pressures. As such, they
were frequently updated as more experimental data became available; in many instances,
this approach remains the best way to compile data from multiple experimental studies.

Most empirical solubility models are basic polynomials with the minimum number of
parameters needed to get a satisfactory fit (i.e., a high R2 value). These models either fit an
equilibrium constant for a mineral precipitation reaction (solubility product) or a solubility
limit concentration itself [4,5,22–24]. The choice of solubility product over solubility limit
was often based on the desired use of the final fitting. Earlier works often focused on
obtaining the solubility products, since these were not known for many mineral reactions,
whereas later works focused on the solubility limits since these values are often used to
validate new thermodynamic models for predicting mineral precipitation conditions.

A notable example of the simple empirical method for solubility limits was demon-
strated by Krumgalz [4,23,24]. His three-part publication series analyzed over a thousand
publications with mineral solubility data to formulate empirical fits of the solubility limits
for alkaline and alkaline earth sulfates, chlorides and bromides at elevated temperatures.
The cations examined in each publication were sodium, potassium, magnesium, calcium,
strontium and barium, and the anions were chlorides, bromides, and sulfates. The temper-
ature range varied from mineral to mineral because they were limited by the availability
of experimental data. Generally, several of the minerals were fit for a range of 0 to 300 ◦C.
The systems analyzed were the mineral of interest in pure water for a series of different
temperatures. Each of these minerals were fit to a polynomial that had up to six of the
following terms:

bsat = a0 + a1t + a2t2 + a3t3 + a4t4 + a5t5 + a6t6 (3)

where t is the temperature is Celsius, and a0–a6 are empirical constants used to fit the exper-
imental data. As such, this empirical model provides reliable mineral solubility limits for
the water-mineral system over a given temperature range. The work by Krumgalz demon-
strates both the impact of temperature on the solubility of common minerals, and how they
can vary dramatically between minerals for the same set of conditions (see Figure 3).

 
(a) (b) 

Figure 3. Calcium sulfate (a) and barium sulfate (b) empirical fits of mineral solubility limits in pure
water as a function of temperature [4].

Of the minerals analyzed, most fits obtained had an R2 of 0.98 or better, with only three
of the six empirical constants, but the number of constants required typically increased
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with the temperature range. Three to six terms are required for simple systems over
small temperature ranges, it becomes increasingly difficult to accommodate additional
dependences such as composition and pressure changes without a model being inundated
by empirical constants.

Though less common now, this empirical approach has been used to capture the
impact of more than one independent variable. Examples can be found as far back as
the early 1980s, when scientists were documenting the solubility product (Ksp) of calcium
carbonate minerals in different seawater salinities for a range of temperatures [5,22]. Their
goal was to model both the temperature and salinity dependences of calcium carbonate.
The resulting model to capture temperature and salinity trends are as follows:

log10Ksp = a0 + a1T + a2T−1 + a3log10(T) + (b0 + b1T + b2T−1)S0.5 + c0S + d0S1.5 (4)

where a0–a3, b0–b2, c0 and d0 are all the empirical constants needed to model the dependence
of the solubility product on salinity (S), (from 5 to 44 ppt), and temperature (T), (from
278.15 to 313.15 K). Note that Ksp can be converted to bsat through the following expression:

bsat = Ksp
0.5 (5)

Using Equation (5), the impact of salinity on the solubility limit of calcite is clear (see
Figure 4). Increasing salinity results in an order of magnitude increase in the solubility limit
for the range of temperatures observed.

  

(a) (b) 

Figure 4. Modeled calcite solubility limits in pure water (a) versus in 40 ppt salinity seawater (b) both
from 20 to 60 ◦C at atmospheric pressure [5,22].

Though good agreement can be obtained between experimental data and the resulting
solubility models [4,5,22–25], the added complexity required to capture such a limited range
of conditions highlights the limitations of this approach. Extending the range and properties
covered by an empirical fit requires an ever-growing number of experimental data and
empirical constants. In short, though this approach is the easiest model to implement, it
only works for systems with available solubility data and a viable fit. Due to the strong
temperature and compositional dependences of solubility, larger data sets require more
empirical parameters and more empirical fits. These constraints limit the applicability of
this approach to simple systems and are typically of little value to the energy industry
beyond model validation.

59



Liquids 2022, 2

3. Solubility Product Methods

In the 1990s, the introduction of comprehensive thermodynamic databases for miner-
als and aqueous species allowed for direct calculation of solubility products without fitting
experimental solubility data [6,26,27]. This was accomplished with knowledge of standard
Gibbs energy of formation (ΔfG0) data for species participating in mineral scale reactions.
These values can be used to calculate the standard Gibbs energy of reaction (ΔrG0), and
by extension the solubility products shown in Section 2. Unlike the empirical approaches
in Section 2, this method leverages shared thermodynamic values for aqueous and solid
species that can be determined by experiments not directly involving solubility measure-
ments. This both reduces the number of empirical parameters required and expands the
data available for use in mineral scale predictions. The central link between these so-called
thermodynamic databases and mineral solubility limits is through the relationship between
Ksp and the ΔrG0:

ln
(
Ksp

)
= − ΔrG0

(
RT−1

)
(6)

where R is the molar gas constant (in J mol−1 K−1) and T is the thermodynamic temperature
(in K). Despite the apparent simplicity of this approach, the underlying equations used
to determine the necessary Gibbs energy data can be quite involved but they are able to
capture an extraordinary range of temperatures and pressures.

One prominent example of this approach is the prediction of barite solubility between
0 and 300 ◦C in pure water using just standard Gibbs energy of formation values. For
these conditions, the ΔrG0 can be calculated using the following relation which requires
the partial molar Gibbs energy of formation for each aqueous species as well as the molar
Gibbs energy of formation of barite at the temperature of interest:

ΔrG0
T = ΔfG0

Ba2+(aq),T +ΔfG0
SO2−(aq),T−ΔfG0

BaSO4(s),T
(7)

The molar Gibbs energies of formation obtained from the SUPCRT database of minerals
and aqueous species [8] required by Equation (7) results in predictions that are in excellent
agreement with experimental solubility data up to 300 ◦C (see Figure 5).

Figure 5. Comparison between experimental data (green) [4] and model predictions (red) using
Equations (5)–(7). All calculations were performed assuming negligible solution non-ideality.

Though effective for simple systems, this approach requires self-consistent thermody-
namic databases which necessitate considerable work to develop. Through great efforts
in the 1980s to the 1990s, a few notable databases were established and enabled solubility
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product calculations over a wide range of conditions for hundreds of minerals. How-
ever, due to the considerable efforts required in building these databases, many technical
gaps [6,8] have gone unaddressed in the decades since.

One of the most notable thermodynamic databases for minerals was first published
by the U.S. Geological Bulletin in 1978 with revisions ending in 1984 [28]. This massive
database covered thermodynamic properties of 133 metal oxides and 212 other miner-
als [28]. Gibbs energy values were tabulated in 100 K intervals up to 1800 K provided no
phase changes were expected [28]. Temperature dependences of all mineral species were
captured using a polynomial to express enthalpy at a given temperature (HT) relative to its
enthalpy at a reference temperature (H298) [28]:

HT − H298 = A + BT + CT2 + DT−1 + ET1/2 + FT3 (8)

where A, B, C, D, E, and F are specific to each mineral empirical constants which are fitted
using available data across the temperature range. A derivation of this relationship can
provide values of ΔfG0 for over 300 minerals using the following equation [28]:

ΔfG0
T = H298 + ΔT

[
HT − H298

T
− S0

T

]
(9)

where S0
T is the standard molar entropy of the mineral at temperature T. Applying this

approach enabled the use of a broader range of experiments beyond solubility and mineral
scale tests to fit model parameters relating to the solid phase. Shortly after the introduction
of this massive mineral database, the underlying equations were also published [8] for
one of the most comprehensive aqueous species thermodynamic databases.

Unlike gas and mineral phases, thermodynamic models for species in aqueous phases
took much longer to create due to the complexities of solvent–solute interactions. It was not
until the early 1990s that scientific literature contained a critical mass of thermodynamic
properties for aqueous species at elevated temperatures and pressures required to make a
comprehensive database. Much of the credit is due to a few scientists who developed the
robust model underpinning most modern databases, now known as the Helgeson-Kirkham-
Flowers (HKF) model, and the subsequent fitting of more than a hundred species over
the next 10 years [21]. The HKF model predicts the standard partial molar Gibbs energy
values of aqueous species based on the Born equation for solvation with seven empirical
parameters. The HKF model works over a remarkable range of pressures (1–5000 bar) and
temperatures (0–1000 ◦C) but only at relatively high density ρ > 0.7 g cm−3 [8]. This density
limitation excludes a sizable range of conditions of interest to petroleum and natural gas
extraction [29] and some other important applications such as high-enthalpy supercritical
geothermal technology [30] and supercritical water gasification of biomass [31] (see Figure 6).

Figure 6. Temperature and pressure ranges (shown in red) where the HKF model has been observed
to fail due to model limitations and insufficient experimental data.
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Several studies [32–37] fit available data to extend the HKF model and provide reliable
predictions for multiple species that were used to form the SUPCRT database. The primary
equation within the HKF model is as follows:

ΔG0
P,T = ΔfG0

Pr,Tr − S0
Pr,Tr (T − Tr)− c1

[
T ln

(
T
Tr

)
− T + Tr

]
+ a1(P − Pr)

+a2 ln
(

Ψ+P
Ψ+Pr

)(
Ψ+P
Ψ+Pr

)
+
[

a3(P − Pr) + a4 ln
(

Ψ+P
Ψ+Pr

)](
1

T−Θ

)
−c2

[((
1

T−Θ

)
−
(

1
Tr−Θ

))(
Θ−T

Θ

)
− T

Θ2 ln
(

Tr(T−Θ)
T(Tr−Θ)

)]
+ω

(
1
ε − 1

)
− ωPr,Tr

(
1

εPr,Tr
− 1

)
+ ωPr,TrYPr,Tr(T − Tr)

(10)

where a1–a4, c1–c2 and ω are the seven empirical constants specific to each species. In
Equation (10) Θ = 228 K and Ψ = 2600 bar are constant values within the model. ΩPr,Tr is
the conventional born coefficient, ε is the relative permittivity of the solvent, and YPr,Tr is a
constant based on of the relative permittivity of the solvent at 25 ◦C and 1 bar.

To calculate a reliable solubility product using these databases, both the empirical
constants for the participating species and the underlying model equations must be valid
for the conditions of interest. However, in practice one or both conditions may not be
satisfied. Recent works by the authors of this review have demonstrated the failures of the
HKF model in predicting the solubility of silica (see Figure 7) and barite (see Figure 8) in
HTHP conditions [6,38].

Figure 7. Observed (•) solubility of quartz in supercritical water at t = 500 ◦C as a function of pressure [39]
compared to NETL-PSU model [6] calculations (•) and HKF results which failed due to model limitations
(�) [6]. The authors generated these plots assuming negligible activity coefficient contributions.

Models of some aqueous species were extended into the critical technical gap shown
in Figure 6 by leveraging advances in molecular statistical thermodynamics [6,38]. This
approach decreased the number of empirical constants from seven (aka. The HKF model)
to four for ionic species or five for species with a dipole moment. It also expanded the Born
equation to a more correct form that treats the solvent molecules like a particle rather than a
dielectric continuum, thereby accounting for the ion-dipole and dipole–dipole interactions
based on the molecular statistical theory with the mean spherical approximation (MSA).
The basic thermodynamic equation in this approach for calculating the molar Gibbs energy
of formation of an aqueous species is as follows [6,38]:
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ΔfG0
T,P = ΔfG0

Tr,Pr − {[−S0
Tr,Pr + ∑

k
Sk

Tr,Pr](T − Tr) + a1(P − Pr)

−c1

(
T ln T

Tr
+ Tr − T

)
}+ (∑

k
Gk

T,P − ∑
k

Gk
Tr,Pr)

(11)

Figure 8. Comparison between HKF model (red) predictions to experimental data (green), (2700%
deviations at 400 ◦C due to invalid empirical parameters and model limitations) [38]. The authors
generated these plots assuming negligible activity coefficient contributions.

where ΔfG0
Tr,Pr is the molar Gibbs energy of formation of an aqueous species at Tr =

298.15 K and Pr = 1 bar, a1 and c1 are empirical parameters responsible for all short range
interactions and Gk

T,P and Sk
Tr,Pr are the contributions of specific molecular statistical inter-

actions that account for hard sphere interactions [40] and electrostatic interactions [41–43].
Additionally, the standard state contributions are included to Gk

T,P and Sk
Tr,Pr [44]. Within

these expressions empirical diameters of the solute (σi) and solvent (σw) and dipole moment
of a molecule/ion pair (pj) are the three parameters that are fit for an ionic species with or
without a dipole [6].

The hard sphere contribution, Gj
HS, is determined as [40]:

GHS
j

RT = − ln(1 − η) + 3D
(

η
1−η

)
+ 3D2

(
η

(1−η)2 +
η

(1−η)
+ ln(1 − η)

)
−D3

(
3η3−6η2+βη

(1−η)3 + 2 ln(1 − η)

) (12)

where R is the molar gas constant = 8.3145 J K−1 mol−1, η = πNAρσw
3/6, ρ is the molecular

density, D = σi/σw, NA is the Avogadro number = 6.0221 1023 mol−1, β = 1/(kT) where k is
the Boltzmann constant = 1.3806 10−23 J K−1. The mean spherical approximation (MSA)
for an ion-dipole interaction was determined as [42]:

GID
j

RT
= −NAe2z2

j
(1 − 1/ε)

σj + σw(β6/β3)
(13)

where zi is the charge number of the ionic species, e is the elementary charge = 1.602 10−19 C,
ε is the permittivity of the pure solvent. ε is related to β6 and β3 through the well-known
Wertheim equation given as:

ε =
β4

12β2
3

β6
6

=
(1 + b2/12)4(1 + b2/3)2

(1 − b2/6)6 (14)
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where b2 is a parameter of the MSA theory. The dipole–dipole electrostatic term, Gj
DD, is

calculated as [43]:

GDD
j

RT
=

−8NA p2
j (ε − 1)

2σ3
w

(
1 − β12

β3

)(
β12
β6

)3
+ 2ε

(
σj + σw

β6
β3

)3
+
(

σj + σw
β12
β6

)3 (15)

The Gibbs energy contribution due to the change in the standard state density is
given as [6]:

GSS
j

RT
= −RT ln(ρRT/P∗) (16)

where P* = 1 bar is the pressure of the ideal gas reference state. Lastly, the Gibbs energy
that determines the difference in unit mol fraction and unit molality reference states is
given as [6]:

GMS
j

RT
= −RT ln

(
Ms/b0

)
(17)

where Ms is the molar mass of the solvent = 18.015 10−3 kg/mol and b0 = 1 mol/kg is the
standard molality. While this approach has been more successful than the HKF model, it
has only been applied to a few dozen species and not the hundreds currently covered by
the SUPCRT database.

Limitations in the HKF model and the fitted parameters can result in errors in excess
of 1000% [38] when ρ < 0.7 g cm−3 or prohibit calculations entirely [8,10]. As such, this
approach to mineral scale modeling is only valid if (i) the reaction of interest is known,
(ii) the database models are valid for the conditions of interest and (iii) the species of interest
have available empirical constants for the conditions of interest. For these reasons, the
multi-phase, multi-component systems, encountered in the applications mentioned earlier,
require computational software beyond the basic solubility product methods for predicting
the solubility limit of scaling minerals.

4. Speciation Model Methods

The coupled phase and thermochemistry requirements to model mineral scaling are
examples of thermodynamic problems best solved using computational thermodynamics.
Both empirical fits and solubility product methods are limited in their ability to predict
the diverse impacts of composition-based and phase-based influences on mineral scale
formation. This is in large part due to the multi-phase and multi-component nature of the
scaling process. As a classical example, the impact of solution pH and CO2 partial pressure
on calcium carbonate scaling are well-known [9,15,45–47], and require more complex
methods to predict the extent of scaling [9,48,49]. Likewise, the advent of ion-pairs at
elevated temperatures and pressures [26,50–52], complicate the identification of the correct
solubility product limiting mineral solubility.

By the 1990s, speciation and phase equilibria software provided a means to leverage
the thermodynamic databases with the increasing availability and computation power
of computers. Phase equilibria and speciation calculations provide detailed predictions
of how the solution composition changes, in addition to phase changes such as scale
deposition. The impact of pH and its influence on some mineral solubility is a common
example (see Figure 9).

Though many software options are available, each employs one of two methods,
Gibbs energy minimization (GEM) or iteratively solving a system of equilibrium con-
stants [10,55–57]. The most notable examples of the equilibrium constant approach are the
Geochemist’s workbench [58–60] and PHREEQC. It leverages the thermodynamic databases
of Unitherm [10,61] and others described previously developed to solve complex speciation
problems. Notable examples of the GEM approach are OLI Studio:Scalechem [12,62,63],
HCh [10,61,64,65], and Thermo-Calc [57].
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Figure 9. Comparison of speciation model predictions (black line) to experimental data (green
circles) [28,53,54] for CuCl(s) over a range of HCl concentrations. The authors used mean activity
coefficient data obtained for concentrated HCl solutions at 25 ◦C and 1 bar.

The equilibrium constant method requires the assembly of a systems of equations
connecting species interest to potentially relevant reactions. The first step is to express each
of these reactions as equilibrium constants that can be calculated using standard Gibbs
energy of reactions [14]. Next, mass and charge balance equations [14] must be formulated.
The resulting equations can be solved to determine the resulting speciation from known
inputs.

By comparison, the GEM approach formulates an equation to calculate the total Gibbs
energy of a system and minimizes the function under mass balance and charge balance
constraints using Lagrangian functions [55,57]. A general description of the Gibbs energy
of a system is as follows:

G = ∑
p

ΔfG0
T,P

p
k ∑

k
np

k (18)

where G is the Gibbs energy of the system and np
k are the molar amount of substance, k in

phase, p [66]. Using the expression for the Gibbs energy of the system and equations for all
necessary mass balance and charge balance constraints, a Lagrangian function, L can be
formulated to minimize the Gibbs energy of the system as follows [13]:

L = G −
j

∑
i=1

λiΦi (19)

where λi are the Lagrangian factors corresponding to each constraint function, Φi [13]. By
solving these series of equations, these programs provide the molar amounts of species in
each phase that result in the lowest Gibbs energy for the constraints provided.

Regardless of the method, these computational thermodynamic programs permit
the prediction of transitions from one predominant scaling reaction to another, which
was otherwise difficult to accomplish without prior knowledge. One such example is the
transition observed with barite at temperatures above 300 ◦C due to the thermodynamically
favored formation of an ion pair between barium and sulfate ions (see Figure 10) [38].
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Figure 10. The effect of forming an ion pair on the solubility of barite at high temperatures [38].
The computation program predicts that mineral solubility limit is limited by the formation of ionic
species at low temperatures and the ionic pair at high temperatures. The authors generated these
plots assuming negligible activity coefficient contributions.

The introduction of speciation models provides a means to resolve composition de-
pendences on mineral scaling that limited empirical and solubility product approaches.
However, it is important to note that these speciation programs are still limited by the
shortcomings of the thermodynamic databases used within these programs. Therefore,
technical gaps in the underlying models and limited speciation databases will impact these
approaches as significantly as the solubility product method.

5. Conclusions

Multiple approaches have been developed to predict the thermodynamic favorability
of mineral scale formation in aqueous systems at high-temperature, high-pressure condi-
tions. Table 1 provides a final summary of the benefits and limitations to each method
covered in this review.

Table 1. Overview of Mineral Scale Modeling Techniques.

Method Empirical Fits Solubility Product Speciation Models

Benefits
Easy to implement Easy to implement Predictive capabilities

Predictive capabilities Works with multiphase systems
Provides solution compositions

Limitations
No predictive capabilities Requires a thermodynamic database Requires a thermodynamic database

Requires system-specific solubility data Limited to the temperature and pressure
range of the database

Limited to the temperature and pressure
range of the database

Limited to the temperature and pressure
range of the fit Limited to simple systems

Early methods were restricted to empirical fits of experimental data collected from
the mineral scaling system. After the emergence of the HKF model, researchers developed
thermodynamic databases able to predict the standard partial molar Gibbs energy of
formation values for aqueous species over a considerable range of temperatures and
pressures. Access to thermodynamic databases permitted the prediction of solubility
limits for hundreds of simple mineral scale systems. Now, computational thermodynamic
programs can provide solubility limits for multi-phase, multi-component systems within
the confines of pre-existing database limitations.

Though many works now focus on activity coefficient models and increasing the
pool of available experimental data, a third equally important factor also needs to be
addressed before mineral scale modeling can be successful above 300 ◦C. As of now, almost
all standard thermodynamic databases are not reliable in high temperature (>300 ◦C), low
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density (<0.7 g cm−3) regions. This issue stems from inherent flaws in the empirical models
used to build these databases. Though models of new standard thermodynamic functions
have proved to be successful, they still cover a very small number of species needed by
the growing number of industrial applications in this space. Therefore, future efforts are
needed to recreate these self-consistent databases which have underpinned so much recent
growth in aqueous-based mineral scale modeling.
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Abstract: The use of equivalent alkane carbon numbers (EACN) to characterize oils is important
in surfactant-oil-water (SOW) systems. However, the measurement of EACN values is non-trivial
and thus it becomes desirable to predict EACN values from structure. In this work, we present a
simple linear model that can be used to estimate the EACN value of oils with known Abraham solute
parameters. We used linear regression with leave-one-out cross validation on a dataset of N = 80 oils
with known Abraham solute parameters to derive a general model that can reliably estimate EACN
values based upon the Abraham solute parameters: E (the measured liquid or gas molar refraction
at 20 ◦C minus that of a hypothetical alkane of identical volume), S (dipolarity/polarizability), A
(hydrogen bond acidity), B (hydrogen bond basicity), and V (McGowan characteristic volume) with
good accuracy within the chemical space studied (N = 80, R2 = 0.92, RMSE = 1.16, MAE = 0.90,
p < 2.2 × 10−16). These parameters are consistent with those in other models found in the literature
and are available for a wide range of compounds.

Keywords: equivalent alkane carbon number (EACN); Abraham solute parameters; hydrophobicity;
oils

1. Introduction

Considerable attention has been given in recent years to development of better
surfactant-based microemulsions and foam systems for enhanced oil recovery in petroleum
processes, for removal of oil from contaminated soil and industrial machinery surfaces, and
for the solubilization of fragrances in water-based formulations. Many factors including the
temperature, electrolyte concentration, and the hydrophobicities of both the surfactant and
oil contribute to the overall efficiency of the extraction system. Experimental determination
of the optimum set of conditions for a given surfactant-oil-water system is both expensive
and very time-consuming. Fortunately, empirical equations have been proposed to describe
how the various factors affect microemulsion formation. One such expression is based on
the hydrophilic-lipophilic difference (HLD) framework [1,2].

Ionic surfactant: HLD = ln(S) − k · EACN + Cc − α · (T − Tref) (1)

Nonionic surfactant: HLD = b · S − K · EACN + Cc + CT · (T − Tref) (2)

where S is the salinity (not to be confused with Abraham’s S parameter) and the terms ln(S)
and b · S take into account the electrolyte concentration (usually in grams per 100 mL) of
the system, b is electrolyte and surfactant specific, EACN is the equivalent alkane carbon
number of the oil phase, Cc represents the hydrophilicity of the surfactant, and the last
two terms, α · (T − Tref) and CT · (T − Tref) are related to the temperature effect. The
application of HLD in predicting the type and microemulsion phase behavior is described
in greater detail elsewhere [1–3].
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Our interest in the current study is in developing a predictive method for the equiv-
alent alkane carbon number (EACN), which for simple alkanes is numerically equal to
the number of carbons (ACN), and for other liquids it is equal to the number of carbons
of the n-alkane exhibiting a similar phase behavior in a reference surfactant-oil-water
(SOW) system. EACNs can be determined by comparing the oil’s fish-tail-temperature
(T*) in a reference SOW to standard calibration curves for n-alkanes [4]. The experimental
determination of EACN values for novel oils may be time consuming and the ability to
predict EACN values is advantageous. Bouton et al. [5] have developed a two-descriptor
model based upon experimental data for 43 oils using the proprietary Molecular Operating
Environment (MOE) software:

EACN = −19.84 + 2.88 · average negative softness + 0.88 · KierA3 (3)

where KierA3 is the third alpha modified shape index and “average negative softness”—which
is related to polarizability. Lukowicz et al. [6] have developed a three-descriptor model
based upon 70 oils using COSMO-RS σ-moments:

EACN = −4.85 − 0.23 · M2 − 0.33 · Macc + 0.06 · M0, (4)

where M2 is molecular polarity, Macc is hydrogen bond basicity, and M0 is total molecular
surface area. This extends previous work in this area [7]. Most recently, Delforce et al. [8]
have developed both a graph machine model using SMILES codes and a neural net-
work model using COSMO-RS-computed σ-moments based on reliable EACN values for
111 molecules.

This work develops a model for EACN based upon experimental EACN values for
80 liquids using the five Abraham solute parameters E, S, A, B, and V which encode
physicochemical properties related to those already found to be important-namely size and
shape, polarizability, and hydrogen bond basicity, i.e., we propose the following model:

EACN = c + e · E + s · S + a · A + b · B + v · V (5)

where E is the solute excess molar refractivity-the measured liquid or gas molar refraction
at 20 ◦C minus that of a hypothetical alkane of identical volume-in units of (cm3/mol)/10, S
is the solute dipolarity/polarizability, A and B are the overall or summation hydrogen bond
acidity and basicity, and V is the McGowan characteristic volume in units of (cm3/mol)/100.

2. Materials and Methods

Experimentally measured EACN values, collected by Aubry et al. [4,8], were com-
bined with their experimentally determined Abraham solute parameters, primarily from
the UFZ-LSER database [9], with the values for decylcyclohexane taken from a paper by
Chung et al. [10], and the values for dodecylcyclohexane and bis(2-ethylhexyl) adipate
new to this work (from an unpublished database of measured Abraham parameters orig-
inal to Professor Abraham dated December 2020 shared with one of the authors before
Professor Abraham’s passing on the 19 January 2021), see Table 1. A modeling dataset
was created from these data by: 1. Using median EACN values for compounds with
multiple experimental measurements. 2. Only keeping compounds with all 5 Abraham
parameters available (measured, not predicted) [9]. This dataset of N = 86 compounds with
EACN values and Abraham parameters is available under a CC0 license from figshare [11].
Modeling was performed using R v4.2.0 (R Core Team, Vienna, Austria) [12].
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Table 1. Measured EACN values with available Abraham Solute Parameters.

Compound EACN E S A B V EACN Ref.

Branched and cyclic alkanes

Cyclohexane 2.4 0.305 0.10 0.00 0.00 0.8454 [13]
Cyclohexane 1.7 0.305 0.10 0.00 0.00 0.8454 [13]
Cyclohexane 1.8 0.305 0.10 0.00 0.00 0.8454 [14]
Cyclohexane 2.5 0.305 0.10 0.00 0.00 0.8454 [15]
Methylcyclohexane 3.5 0.244 0.06 0.00 0.00 0.9863 [13]
Methylcyclohexane 2.8 0.244 0.06 0.00 0.00 0.9863 [13]
1,4-Dimethylcyclohexane 4.6 0.191 0.17 0.00 0.00 1.1272 [13]
1,4-Dimethylcyclohexane 4.5 0.191 0.17 0.00 0.00 1.1272 [13]
Ethylcyclohexane 4.5 0.263 0.10 0.00 0.00 1.1272 [13]
Ethylcyclohexane 4.5 0.263 0.10 0.00 0.00 1.1272 [13]
Ethylcyclohexane 3.7 0.263 0.10 0.00 0.00 1.1272 [16]
Cyclooctane 4.1 0.409 0.10 0.00 0.00 1.1272 [6]
1,2-Dimethylcyclohexane 3.9 0.320 0.23 0.00 0.00 1.1272 [16]
1,2-Dimethylcyclohexane 2.6 0.320 0.23 0.00 0.00 1.1272 [13]
Propylcyclohexane 5.8 0.257 0.14 0.00 0.00 1.2681 [13]
Propylcyclohexane 6.3 0.257 0.14 0.00 0.00 1.2681 [13]
Propylcyclohexane 5.5 0.257 0.14 0.00 0.00 1.2681 [16]
Isopropylcyclohexane 5.6 0.283 0.07 0.00 0.00 1.2681 [13]
Isopropylcyclohexane 5.7 0.283 0.07 0.00 0.00 1.2681 [13]
Isopropylcyclohexane 4.5 0.283 0.07 0.00 0.00 1.2681 [13]
Butylcyclohexane 7.2 0.255 0.14 0.00 0.00 1.4090 [13]
Butylcyclohexane 7.9 0.255 0.14 0.00 0.00 1.4090 [17]
Butylcyclohexane 6.9 0.255 0.14 0.00 0.00 1.4090 [16]
Cyclodecane 5.6 0.474 0.10 0.00 0.00 1.4090 [18]
cis-Decalin 5.3 0.544 0.25 0.00 0.00 1.3004 [18]
Myrcane 10.0 0.000 0.00 0.00 0.00 1.5176 [5,19]
Myrcane 11.2 0.000 0.00 0.00 0.00 1.5176 [6,20]
Myrcane 10.1 0.000 0.00 0.00 0.00 1.5176 [13]
Pinane 4.3 0.421 0.12 0.00 0.13 1.3004 [6,20]
Pinane 3.9 0.421 0.12 0.00 0.13 1.3004 [6,20]
p-Menthane 6.3 0.270 0.07 0.00 0.00 1.4090 [6,20]
p-Menthane 6.7 0.270 0.07 0.00 0.00 1.4090 [6,20]
p-Menthane 4.6 0.270 0.07 0.00 0.00 1.4090 [6,20]
Decylcyclohexane 14.4 0.243 0.23 0.00 0.00 2.2544 [21]
Dodecylcyclohexane 17.5 0.300 0.23 0.00 0.00 2.5362 [16]
Isododecane 11.7 0.000 0.00 0.00 0.00 1.7994 [7]
Hemisqualene 14.8 0.000 0.00 0.00 0.00 2.2221 [7]
Squalane 24.5 - - - - - [21]
Squalene 13.8 - - - - - [22]

Halogenated alkanes

1-Bromo-2-methylpropane −3.4 0.340 0.37 0.00 0.12 0.8472 [18]
1-Chlorooctane 1.0 0.191 0.40 0.00 0.09 1.3582 [23]
1-Chlorodecane 3.5 0.185 0.40 0.00 0.09 1.6400 [18]
1,10-Dichlorodecane 6.3 0.366 - 0.00 - 1.7624 [24]
1-Chlorododecane 5.6 0.181 0.40 0.00 0.10 1.9218 [18]
1-Chlorododecane 5.8 0.181 0.40 0.00 0.10 1.9218 [23]
1-Chlorotetradecane 8.0 0.176 0.41 0.00 0.10 2.2036 [18]
1-Chlorotetradecane 7.3 0.176 0.41 0.00 0.10 2.2036 [23]
1-Chlorohexadecane 9.8 0.173 0.42 0.00 0.10 2.4854 [18]
1-Chlorohexadecane 9.0 0.173 0.42 0.00 0.10 2.4854 [23]
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Table 1. Cont.

Compound EACN E S A B V EACN Ref.

Alkenes, terpenes, alkynes and aromatics

Cyclohexene −1.2 0.395 0.28 0.00 0.09 0.8024 [13]
1,3-Cyclohexadiene −3.1 0.515 0.38 0.00 0.12 0.7594 [13]
1,4-Cyclohexadiene −4.1 0.501 0.46 0.00 0.16 0.7594 [13]
1-Methyl-1-cyclohexene 0.8 0.391 0.18 0.00 0.10 0.9433 [13]
1-Methyl-1-cyclohexene −0.8 0.391 0.18 0.00 0.10 0.9433 [13]
4-Methyl-1-cyclohexene 0.6 0.347 0.22 0.00 0.10 0.9433 [13]
4-Methyl-1-cyclohexene −0.5 0.347 0.22 0.00 0.10 0.9433 [13]
3-Methyl-1-cyclohexene 0.4 0.360 0.20 0.00 0.10 0.9433 [13]
3-Methyl-1-cyclohexene −1.4 0.360 0.20 0.00 0.10 0.9433 [13]
2,5-Norbornadiene −3.2 0.495 0.32 0.00 0.11 0.7919 [13]
1-Octene 3.9 0.094 0.08 0.00 0.07 1.1928 [18]
cis-Cycloctene 1.5 0.460 0.24 0.00 0.10 1.0842 [18]
1-Octyne −1.8 0.155 0.22 0.09 0.10 1.1498 [18]
p-Xylene −2.4 0.613 0.52 0.00 0.16 0.9982 [18]
1-Decene 5.5 0.093 0.08 0.00 0.07 1.4746 [18]
1-Decyne 0.1 0.143 0.22 0.09 0.10 1.4316 [18]
Butylbenzene 0.4 0.600 0.51 0.00 0.15 1.2800 [18]
Phenyl-1-butyne −3.3 - - - - - [18]
alpha-Pinene 3.6 0.438 0.20 0.00 0.14 1.2574 [6,20]
alpha-Pinene 3.4 0.438 0.20 0.00 0.14 1.2574 [6,20]
p-Menth-2-ene 3.1 0.350 0.12 0.00 0.07 1.3660 [19]
p-Menth-2-ene 3.6 0.350 0.12 0.00 0.07 1.3660 [6,20]
Delta-3-carene 2.9 0.492 0.22 0.00 0.14 1.2574 [6,20]
Delta-3-carene 2.0 0.492 0.22 0.00 0.14 1.2574 [6,20]
beta-Pinene 2.3 0.515 0.19 0.00 0.15 1.2574 [6,20]
beta-Pinene 2.0 0.515 0.19 0.00 0.15 1.2574 [6,20]
Limonene 2.0 0.501 0.31 0.00 0.23 1.3230 [6,20]
Limonene 1.6 0.501 0.31 0.00 0.23 1.3230 [6,20]
gamma-Terpinene 1.9 0.522 0.29 0.00 0.22 1.3230 [6,20]
gamma-Terpinene 1.4 0.522 0.29 0.00 0.22 1.3230 [6,20]
alpha-Terpinene 1.5 0.526 0.25 0.00 0.23 1.3230 [6,20]
alpha-Terpinene 0.8 0.526 0.25 0.00 0.23 1.3230 [6,20]
Terpinolene 1.3 0.590 0.31 0.00 0.20 1.3230 [6,20]
Terpinolene 0.1 0.590 0.31 0.00 0.20 1.3230 [6,20]
p-Cymene −0.3 0.607 0.49 0.00 0.19 1.2800 [6,20]
p-Cymene −1.3 0.607 0.49 0.00 0.19 1.2800 [6,20]
1-Dodecene 8.1 0.089 0.08 0.00 0.07 1.7564 [18]
1-Dodecyne 2.0 0.133 0.22 0.09 0.10 1.7134 [18]
1-Tetradecyne 3.9 - - - - - [18]
Octylbenzene 4.0 0.579 0.48 0.00 0.15 1.8436 [16]
2,6,10-Trimethylundecane-2,6-diene 10.3 - - - - - [6,20]
Longifolene 6.6 0.757 0.20 0.00 0.22 1.8533 [20]
Longifolene 7.3 0.757 0.20 0.00 0.22 1.8533 [6,20]
Caryophyllene 5.7 0.720 0.15 0.00 0.25 1.9189 [6,20]
Caryophyllene 6.2 0.720 0.15 0.00 0.25 1.9189 [6,20]
Decylbenzene 6.0 0.579 0.47 0.00 0.15 2.1254 [25]
1-Octadecene 14.4 0.079 0.08 0.00 0.07 2.6018 [18]
Dodecylbenzene 7.8 0.571 0.47 0.00 0.15 2.4072 [25]
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Table 1. Cont.

Compound EACN E S A B V EACN Ref.

Ethers, esters, nitriles and ketones

Diisopropyl ether 2.2 −0.063 0.17 0.00 0.57 1.0127 [26]
Dibutyl ether 2.4 0.000 0.25 0.00 0.45 1.2945 [22]
Dibutyl ether 3.3 0.000 0.25 0.00 0.45 1.2945 [25]
Dibutyl ether 3.2 0.000 0.25 0.00 0.45 1.2945 [27]
2-Octanone –3.4 0.108 0.68 0.00 0.51 1.2515 [22]
Octanenitrile −1.7 0.162 0.90 0.00 0.36 1.2500 [22]
Dipentyl ether 4.2 0.000 0.25 0.00 0.45 1.5763 [22]
C3-O-C4-O-C3 1.9 - - - - - [27]
C4-O-C2-O-C4 1.7 - 0.51 0.00 - 1.6350 [27]
2-Decanone −2.1 0.108 0.68 0.00 0.51 1.5333 [22]
Decanenitrile −0.6 0.156 0.90 0.00 0.36 1.5320 [22]
2-Undecanone −1.3 0.101 0.68 0.00 0.51 1.6742 [22]
Ethyl decanoate 1.8 0.013 0.58 0.00 0.45 1.8738 [17]
Ethyl decanoate 2.3 0.013 0.58 0.00 0.45 1.8738 [20]
Ethyl decanoate 2.2 0.013 0.58 0.00 0.45 1.8738 [18]
Dihexyl ether 6.2 0.000 0.25 0.00 0.45 1.8581 [22]
2-Dodecanone −0.6 0.103 0.68 0.00 0.51 1.8151 [22]
Dodecanenitrile 0.3 0.132 0.90 0.00 0.36 1.8132 [22]
Ethyl dodecanoate 3.8 0.002 0.58 0.00 0.45 2.1556 [6]
Decyl butyrate 5.0 - - - - - [6]
Hexyl octanoate 6.2 0.002 0.56 0.00 0.45 2.1556 [6]
Diheptyl ether 8.0 - - - - - [22]
Ethyl myristate 5.2 0.000 0.58 0.00 0.45 2.4374 [6]
Butyl dodecanoate 7.2 - - - - - [6]
Octyl octanoate 8.1 −0.010 0.06 0.00 0.45 2.4374 [6]
Dioctyl ether 10.3 0.000 0.25 0.00 0.45 2.4217 [22]
Myristyl propionate 6.8 - - - - - [6]
Isopropyl myristate 7.2 −0.062 0.53 0.00 0.45 2.5783 [6]
Isopropyl myristate 7.3 −0.062 0.53 0.00 0.45 2.5783 [25]
Ethyl palmitate 6.8 0.000 0.58 0.00 0.45 2.7192 [6]
Hexyl dodecanoate 9.3 - - - - - [20]
Ethyl oleate 7.3 - - - - - [6]
Ethyl oleate 7.1 - - - - - [28]
Bis(2-ethylhexyl) adipate 9.7 −0.010 1.10 0.00 1.13 3.3572 [6]
Tricaprilin 12.2 - - - - - [6]
Tricaprin 13.8 - - - - - [6]
Tricaprin 13.0 - - - - - [25]
Trilaurin 15.7 - - - - - [5]
Trimyristin 18.5 - - - - - [5]
Tripalmitin 21.2 - - - - - [5]
Tristearin 23.9 −0.040 1.25 0.00 1.28 8.3631 [5]
Triolein 21.2 - - - - - [5]

Fragrances, acrylates and miscellaneous

Menthone −1.5 0.322 0.61 0.00 0.62 1.4247 [21]
Eucalyptol −1.6 0.380 0.33 0.00 0.76 1.3591 [21]
Rose oxide −1.7 - - - - - [21]
D-Carvone −3.1 0.674 0.86 0.00 0.57 1.3390 [21]
Hexyl methacrylate 0.4 0.154 0.49 0.00 0.45 1.5490 [29]
Hexyl methacrylate −0.2 0.154 0.49 0.00 0.45 1.5490 [29]
Hexyl methacrylate −0.1 0.154 0.49 0.00 0.45 1.5490 [29]
Hexyl methacrylate 0.8 0.154 0.49 0.00 0.45 1.5490 [29]
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Table 1. Cont.

Compound EACN E S A B V EACN Ref.

Fragrances, acrylates and miscellaneous

Hexyl methacrylate 0.7 0.154 0.49 0.00 0.45 1.5490 [29]
Hexyl methacrylate −0.2 0.154 0.49 0.00 0.45 1.5490 [29]
Hexyl methacrylate 1.5 0.154 0.49 0.00 0.45 1.5490 [29]
Hexyl methacrylate 0.2 0.154 0.49 0.00 0.45 1.5490 [29]
Hexyl methacrylate −0.4 0.154 0.49 0.00 0.45 1.5490 [29]
Menthyl acetate −0.1 0.243 0.65 0.00 0.54 1.7652 [6,20]
Citronellyl acetate −0.2 0.198 0.59 0.00 0.64 1.8308 [21,22]
Geranyl acetate −0.6 0.368 0.65 0.00 0.68 1.7878 [21,22]
Linalyl acetate −0.9 0.331 0.65 0.00 0.65 1.7878 [21,22]
alpha-Damascone −1.3 - - - - - [21]
Methyl dihydrojasmonate −1.7 0.340 1.53 0.00 0.97 1.9218 [21]
beta-Ionone −1.9 0.892 0.78 0.00 0.76 1.7614 [17]
Ethylene brassylate −1.1 - - - - - [21]
Methyl cedryl ether 3.5 - - - - - [21]
Ambrettolide 1.0 - - - - - [21]

3. Results

The standard Abraham solute descriptor-based model is represented by Equation (6),
where c is the intercept, E, S, A, B, and V are the Abraham solute descriptors, and e, s, a, b,
v are their coefficients obtained by linear regression:

EACN = c + e · E + s · S + a · A + b · B + v · V (6)

When using all the data, we found a moderate correlation (R2 = 0.61) between S and
B. Removing S-parameter outliers bis(2-ethylhexyl) adipate, tristearin, and methyl dihy-
drojasmonate (S > 1) resulted in a dataset where all pairwise correlations had coefficients
of determination lower than 0.50 and the coefficients of determination of each parameter
against all others was lower than 0.80. Removing S-parameter outliers provides a greater
reliability to the model, but may limit its application to a smaller chemical space.

Performing linear regression with leave-out-out (LOO) cross-validation showed that
dodecylcyclohexane, decylcyclohexane, and octyl octanoate were clear outliers. Removing
the three outliers, and again using LOO linear regression, we found that EACN can be
estimated with similar accuracy (LOO measures) using Abraham solute parameters (N = 80,
R2 = 0.92, RMSE = 1.16, MAE = 0.90, p < 2.2 × 10−16) as compared to previous models [5–8],
at least within the chemical space represented in the study:

EACN = −2.16 − 2.08 · E − 9.51 · S − 50.91 · A − 5.41 · B + 6.83 · V (7)

Analyzing the EACN estimates for each compound type, we see that the model per-
forms the best for alkenes, terpenes, alkynes, and aromatics (N = 31, ME = 0.37, MAE = 0.57,
RMSE = 0.76). Good performance is seen for the four other types: branched and cyclic
alkanes (N = 16, ME = −0.81, MAE = 0.85, RMSE = 1.11); halogenated alkanes (N = 6,
ME = 0.99, MAE = 0.99, RMSE = 1.16); fragrances, acrylates, and miscellaneous (N = 9,
ME = −0.16, MAE = 0.94, RMSE = 1.18); and ethers, esters, nitriles, and ketones (N = 18,
ME = −0.17, MAE = 1.16, RMSE = 1.32)—with consistent over-prediction for halogenated
alkanes and consistent under-prediction for branched and cyclic alkanes, see Figure 1.
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Figure 1. Estimated vs. Measured EACN values colored by type: alkenes, terpenes, alkynes, and
aromatics (dark blue); branched and cyclic alkanes (orange); ethers, esters, nitriles, and ketones (red);
fragrances, acrylates, and miscellaneous (light blue); and halogenated alkanes (green).

4. Discussion

We have demonstrated that EACN can be estimated using the standard Abraham
solute parameter model, see Equation (7). The first four parameters all have negative
coefficients where E is the solute excess molar refractivity-the measured liquid or gas molar
refraction at 20 ◦C minus that of a hypothetical alkane of identical volume-in units of
(cm3/mol)/10, S is the solute dipolarity/polarizability, A and B are the overall or summa-
tion hydrogen bond acidity and basicity, and V is the McGowan characteristic volume in
units of (cm3/mol)/100. These results align with previous results [5–8], using different
parameter systems, but showing similar accuracy and that EACN has contributions from
shape (size and branching) [5–8], polarity/polarizability [5–8], and hydrogen bond basic-
ity [6–8]. Our addition of hydrogen bond acidity, represented by the A descriptor, leads to
superior estimation of EACN values for alkynes something not seen in previous models.

We began with a dataset of N = 86 oils with both measured EACN values and mea-
sured Abraham solute descriptors. During modeling we removed six compounds: bis(2-
ethylhexyl) adipate, tristearin, methyl dihydrojasmonate, decylcyclohexane, dodecylcyclo-
hexane, and octyl octanoate.

The first three compounds were removed because they had large S-values which
resulted in an artificially high collinearity with the B parameter. The second set of three
compounds were removed as outliers from a first LOO cross-validation analysis. Even so,
Equation (7)-predicted EACN values for these compounds are generally of the right order,
see the predicted values in the open dataset [11]. The utility of Equation (7) can also be seen
by using it to predict EACN values of compounds that have measured EACN values but
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that do not have measured Abraham solute parameters. Using predicted Abraham solute
parameters [9], we predicted the EACN values of several of these compounds without
measured Abraham solute parameters from Table 1, see Table 2. For the compounds listed
in Table 2, Equation (7) performs relatively well, with statistics similar to those found for the
estimated EACN results above, specifically: N = 11, ME = 0.17, MAE = 1.13, RMSE = 1.61.

Table 2. Equation (7)-predicted EACN values using predicted Abraham solute parameters.

Compound EACN E S A B V Predicted EACN

1-Tetradecyne 3.9 0.150 0.24 0.05 0.12 1.9952 5.7
2,6,10-Trimethylundecane-2,6-diene 10.3 0.350 0.23 0.00 0.34 2.1361 7.7
Decyl butyrate 5.0 0.000 0.56 0.00 0.55 2.1556 4.3
Butyl dodecanoate 7.2 0.010 0.56 0.00 0.52 2.4374 6.3
Myristyl propionate 6.8 0.050 0.56 0.00 0.53 2.5783 7.2
Diheptyl ether 8.0 0.000 0.18 0.00 0.46 2.1399 8.3
Hexyl dodecanoate 9.3 0.010 0.56 0.00 0.52 2.7192 8.3
Ethyl oleate 7.1 0.130 0.72 0.00 0.68 2.9580 7.2
Ethyl oleate 7.3 0.130 0.72 0.00 0.68 2.9580 7.2
Methyl cedryl ether 3.5 0.650 0.23 0.00 0.22 2.0959 7.4
Ambrettolide 1.0 0.540 0.68 0.00 0.76 2.2858 1.8
alpha-Damascone −1.3 0.680 0.71 0.00 0.54 1.7614 −1.2

The most recent paper by Delforce et al. [8] notes that the measured EACN of 2.2 for
diisopropyl ether reported previously [26] is an outier for their model. Our model estimates
the EACN value of diisopropyl ether to be 0.2 which is in line with their newly measured
EACN value of 0.6.

Our approach provides a useful tool for estimating equivalent alkane carbon numbers
as Abraham solute parameters are available for a significant number of compounds [9,10].
While a general model is presented, models for specific families of compounds can be
easily created using our open dataset [11]. We also note that the estimated EACN values
of individual hydrocarbons from Equation (7) will allow estimation of EACN values of
heavy hydrocarbon mixtures, EACNmix, using the mathematical expression proposed by
Cayias et al. [30] and Cash et al. [31]:

EACNmix = ∑N
i=1 xi EACNi (8)

where xi and EACNi denote the mole fraction and numerical EACN value of the individual
hydrocarbon component i, respectively.

Future research directions include measuring the EACN values of more diverse com-
pounds, especially those with known non-zero A-parameter values.
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Abstract: In a continuation and extension of an earlier publication, the calculation of the refractivity
and polarizability of organic molecules at standard conditions is presented, applying a commonly
applicable computer algorithm based on an atom group additivity method, where the molecules are
broken down into their constituting atoms, these again being further characterized by their immediate
neighbor atoms. The calculation of their group contributions, carried out by means of a fast Gauss–
Seidel fitting calculus, used the experimental data of 5988 molecules from literature. An immediate
subsequent ten-fold cross-validation test confirmed the extraordinary accuracy of the prediction
of the molar refractivity, indicated by a correlation coefficient R2 and a cross-validated analog Q2

of 0.9997, a standard deviation σ of 0.38, a cross-validated analog S of 0.41, and a mean absolute
deviation of 0.76%. The high reliability of the predictions was exemplified with three classes of
molecules: ionic liquids and silicon- and boron-containing compounds. The corresponding molecular
polarizabilities were calculated indirectly from the refractivity using the inverse Lorentz–Lorenz
relation. In addition, it could be shown that there is a close relationship between the “true” volume
and the refractivity of a molecule, revealing an excellent correlation coefficient R2 of 0.9645 and a
mean absolute deviation of 7.53%.

Keywords: group additivity method; Gauss–Seidel diagonalization; refractivity; polarizability; ionic
liquids; silanes; boranes

1. Introduction

In continuation of an earlier paper [1], which used a generally applicable atom groups
additivity method for the prediction of various molecular descriptors including the refrac-
tivity and the polarizability of molecules, the present work puts the focus on the latter
two descriptors, for which on the one hand, an extended number of further experimental
refractivity data has been included in the atom group parameters calculation, and on the
other hand, a different method for the prediction of the polarizability has been introduced,
this time based on the former descriptor. The main goal of the present work was to not
only increase the reliability of the atom group parameters already published in [1], but
in particular to extend the number of atom groups for which as yet no parameter values
have been available, with the main interest aimed at atom groups found in ionic liquids.
In addition to these, parameters for a large number of additional groups with boron and
silicon as central atom could be generated, thus enabling the prediction of the refractivities
and polarizabilities of many boranes and silanes.

Earlier calculations of the refractivity and polarizability have been based on the bond
refraction and bond polarizability, respectively, on the assumption that the molar refraction
and polarizability is the sum of all the bonds in the molecule [2]. The average error
between experiment and calculation was 0.7% over a number of less than 100 sample
molecules. Later on, Ghose and Crippen [3] developed a method based on 110 atom types,
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characterized by the polarizing effect of the heteroatoms and the effect of overlapping with
non-hydrogen atoms, again assuming that the sum of all the atom parameters defines the
molecular descriptor value. Applying a quadratic, constrained least squares technique for
the evaluation of the atom type parameters for 504 molecules, they reported a correlation
coefficient of 0.994 and a standard deviation of 1.269. Except for the parameters calculation
approach, Ghose and Crippen’s method compares closely with the present one, since
their atom types follow a similar principle and therefore the present results may best be
compared with theirs. Another group additivity approach was chosen by Miller [4,5] for
the calculation of the molecular polarizability, whereby the atoms are defined by their state
of hybridization, neglecting their neighbor atoms.

The importance of the knowledge of the refractivity and polarizability for the model-
ing of the dispersive and hydrophobic interactions was outlined in detail by Ghose and
Crippen [3]. The attractive forces between nonpolar compounds, also known as dispersive
forces, are the result of the correlated motions of their electrons. These forces are evidently
closely related to the polarizability of the molecules. Their polarizability again is linearly
proportional to their refractivity, given by the Lorentz–Lorenz relation R = 4/3πNα, where
R is the molar refractivity, N is Avogadro’s constant, and α is the polarizability. Accord-
ingly, and in contrast to our earlier calculations of the polarizability by means of the group
additivity method in [1], the present polarizabilities are directly evaluated from the molar
refractivities, with the added bonus that the amount of experimental refractivity data is
much larger than that of the polarity, thus enabling the prediction of molecular polarities
for which in its atom groups parameter set in [1], no atom groups are defined. It has
also been shown that the molecular polarizability is directly proportional to the molecular
volume [6]. Hence, on combining the polarizability/volume and polarizability/refractivity
correlations, there should be a direct correlation of the refractivity with the molecular
volume as postulated by Ghose and Crippen [3]. It would therefore be interesting to see if
there is indeed a direct correlation of the refractivity with the “true” molecular volume as
applied for the prediction of the heat capacity of solids and liquids in an earlier paper [7].

2. Method

The calculations were carried out on a set of 5988 compounds for which the experi-
mental refractivity or polarizability data have been published, collected from a database
of at present 35,952 molecules in their geometry-optimized 3D conformation, encompass-
ing pharmaceuticals, plant protectors, dyes, ionic liquids, liquid crystals, metal-organics,
intermediates, and many more, including many further experimentally determined and
calculated molecular descriptors. The structural presentations were standardized before
storage by a special algorithm, ensuring that all six-membered aromatic ring systems are
defined by six aromatic bonds in order to avoid structural ambiguities. In addition and
for the same reason, the positive charge in amidinium, pyrazolium, and guanidinium
fragments of the ionic liquids was manually positioned on the carbon atom between the ni-
trogen atoms and their C(+)-N bonds were assumed to be aromatic, which incidentally is in
better conformance with the true charge distribution in these cations, as exemplified in, e.g.,
Figure 1 in [8]. The analogous treatment of the carboxylate and nitro groups is not necessary,
as within the present concept of atom groups definitions, they are unambiguously defined.

2.1. Definition of the Atom Groups

Details of the definition of the atom groups for use in a computer-readable form were
outlined in [1]. In Table 1 of [1], their namings and meanings were explained; they have
been retained in all the subsequent papers including the present one. However, in order
to cover the successively increasing amount of additional, structurally variable molecules,
several further atom groups had to be added to the parameters list. In particular, the
inclusion of ordinary salts and ionic liquids as well as a number of boron- and silicon-
containing molecules required the corresponding atom groups listed and explained in
Table 1 on some examples. These new atom groups were interpreted and processed by the
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computer algorithm in the same way as the remaining ones. In fact, some of these have
already been applied in the calculation of the liquid viscosity of molecules in [8].

Table 1. Examples of charged or boron- or silicon-containing atom groups and their meaning.

No Atom Type Neighbors Meaning Example

1 B HN2 HBN2 Bis(butylamino)borane
7 B CO2 CBO2 Phenyl dimethoxyborine
21 B O3 BO3 Triethoxyborine
25 B(−) C4 BC4

− Tetracyanoborate
152 C(−) sp3 C3 C–C−(C)–C Tricyanomethanide
245 C aromatic H:C:N(+) C:CH:N+ C2 in pyridinium
272 C(+) aromatic H:N2 N:C+(H):N C2 in imidazolium
280 C sp C#N(−) N#C–C− Tricyanomethanide
290 C sp N#N(−) N#C–N− Dicyanoamide
295 C sp =N=S(−) N=C=S− Thiocyanate
316 N sp3 HSi2 HNSi2 Bis(trimethoxysilyl)amine
352 N(+) sp3 C4 NC4

+ Tetraalkylammonium
359 N(+) sp2 O2=O(−) NO3

− Nitrate
363 N aromatic C2:C(+) C–N(C):C+ N1 in 1-alkylimidazolium
365 N(+) aromatic C:C2 C:N+(C):C N in 1-alkylpyridinium
370 N(−) C2 C–N−–C Dicyanoamide
398 O CSi COSi Bis(trimethoxysilyl)amine
502 S4 CO=O2(−) C–SO3

− Methylsulfonate
512 S4 O2=O2(−) SO4

− Hydrosulfate
533 Si C3O C3SiO Methoxytrimethylsilane
539 Si C2N2 C2SiN2 Diethyldiisothiocyanatosilane
554 Si NO3 NSiO3 Bis(trimethoxysilyl)amine

2.2. Calculation of the Atom Group Contributions

As outlined in [1], the parameter values of the atom groups are evaluated in four steps:
in the first step, those compounds for which the experimental refractivities are known are
stored in a temporarily generated help list. In the second step, each molecule in the help
list is broken down into its constituting “backbone” atoms (i.e., atoms bound to at least two
directly bound neighbor atoms), their atom types and neighbor terms defined according
to the rules detailed in [1], and then their occurrences counted. The third step involves
the generation of an M × (N + 1) matrix, wherein M is the number of molecules, N + 1 is
the complete number of atom groups occurring plus the molecules’ refractivity value, and
where each matrix element (i,j) receives the number of occurrences of the jth atom group in
the ith molecule. The final step comprises the normalization of this matrix into an Ax = B
matrix and its subsequent balancing by means of a fast Gauss–Seidel calculus [9] to receive
the atom group contributions x, which are stored and shown in Table 2, together with the
corresponding statistics data at the bottom in lines A to H.

Table 2. Atom groups and their contribution in refractivity calculations.

Entry Atom Type Neighbors Contribution Occurrences Molecules

1 B HN2 39.13 15 11
2 B HNS 46.42 2 2
3 B HO2 28.1 1 1
4 B HS2 52.49 5 5
5 B C3 66.64 4 4
6 B C2N 62.25 8 8
7 B C2O 64.24 22 15
8 B C2S 69.73 10 10
9 B CN2 58.53 2 2

10 B CNO 59.28 1 1
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Table 2. Cont.

Entry Atom Type Neighbors Contribution Occurrences Molecules

11 B CNS 65.63 1 1
12 B CO2 61.69 31 26
13 B COCl 48.7 4 4
14 B CS2 72.57 8 8
15 B CSCl 53.86 2 2
16 B CSBr 56.93 4 4
17 B CCl2 36.22 8 6
18 B N3 54.93 4 2
19 B N2O 56.24 4 2
20 B NO2 58.3 1 1
21 B O3 59.3 21 21
22 B O2Cl 46.04 8 8
23 B OCl2 33.44 6 6
24 B S3 75.69 3 3
25 B(−) C4 74.59 5 5
26 B(−) O2F2 63.86 4 4
27 B(−) F4 −2.41 18 18
28 C sp3 H3C 5.7 9421 4296
29 C sp3 H3C(+) 58.97 3 3
30 C sp3 H3N 12.24 387 246
31 C sp3 H3N(+) 19.98 76 55
32 C sp3 H3O 11.65 505 359
33 C sp3 H3S 11.49 79 55
34 C sp3 H3S(+) 16.94 2 2
35 C sp3 H3P 14.04 17 16
36 C sp3 H3P(+) 11.23 2 2
37 C sp3 H3Si 10.79 626 180
38 C sp3 H2BC −16.41 97 53
39 C sp3 H2C2 4.63 15,752 3454
40 C sp3 H2CN 11.13 1078 561
41 C sp3 H2CN(+) 18.6 223 129
42 C sp3 H2CO 10.61 2562 1560
43 C sp3 H2CS 10.63 395 253
44 C sp3 H2CS(+) 15.8 13 5
45 C sp3 H2CP 12.84 239 171
46 C sp3 H2CP(+) 12.03 46 12
47 C sp3 H2CF 5.62 33 28
48 C sp3 H2CCl 10.5 229 190
49 C sp3 H2CBr 13.44 144 127
50 C sp3 H2CJ 18.58 39 35
51 C sp3 H2CSi 9.66 345 154
52 C sp3 H2N2 17.9 2 2
53 C sp3 H2NO 18.9 1 1
54 C sp3 H2NS 17.11 1 1
55 C sp3 H2O2 16.37 19 18
56 C sp3 H2OCl 16.45 8 7
57 C sp3 H2OBr 20.6 7 7
58 C sp3 H2S2 16.43 10 5
59 C sp3 H2SCl 16.52 4 4
60 C sp3 H2SJ 21.65 2 2
61 C sp3 H2SiCl 15.47 6 5
62 C sp3 H2SiBr 18.54 4 3
63 C sp3 H2Si2 14.42 5 3
64 C sp3 HBC2 −17.46 10 7
65 C sp3 HC3 3.52 1516 1044
66 C sp3 HC2N 9.99 135 114
67 C sp3 HC2N(+) 17.27 13 13
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Table 2. Cont.

Entry Atom Type Neighbors Contribution Occurrences Molecules

68 C sp3 HC2O 9.55 561 462
69 C sp3 HC2P 11.84 23 21
70 C sp3 HC2S 9.55 75 53
71 C sp3 HC2F 8.42 2 2
72 C sp3 HC2Cl 9.39 84 74
73 C sp3 HC2Br 12.42 80 70
74 C sp3 HC2J 17.84 7 7
75 C sp3 HC2Si 8.64 29 15
76 C sp3 HCN2(+) 31.68 1 1
77 C sp3 HCNCl(+) 23.09 2 2
78 C sp3 HCO2 15.36 53 45
79 C sp3 HCOF 11.6 2 2
80 C sp3 HCOCl 15.53 14 9
81 C sp3 HCOBr 20.2 1 1
82 C sp3 HCS2 15.5 11 11
83 C sp3 HCSCl 14.69 1 1
84 C sp3 HCF2 5.59 29 19
85 C sp3 HCFCl 10.61 7 6
86 C sp3 HCFBr 13.45 1 1
87 C sp3 HCCl2 15.36 33 32
88 C sp3 HCClBr 18.18 5 5
89 C sp3 HCClJ 22.97 2 2
90 C sp3 HCBr2 20.98 13 12
91 C sp3 HCBrJ 25.95 1 1
92 C sp3 HCJ2 31.39 2 2
93 C sp3 HNO2 21.67 2 2
94 C sp3 HO3 21.51 9 9
95 C sp3 HOF2 11.17 1 1
96 C sp3 HOCl2 21.99 1 1
97 C sp3 HS3 22.99 2 2
98 C sp3 HSiCl2 20.41 5 4
99 C sp3 C4 2.47 299 251
100 C sp3 C3N 8.92 25 21
101 C sp3 C3N(+) 16.1 2 2
102 C sp3 C3O 8.42 125 113
103 C sp3 C3S 8.86 21 14
104 C sp3 C3P 11.38 1 1
105 C sp3 C3F 3.41 5 4
106 C sp3 C3Cl 8.47 7 7
107 C sp3 C3Br 11.46 7 7
108 C sp3 C3J 16.82 3 3
109 C sp3 C3Si 8.05 1 1
110 C sp3 C2NCl(+) 22.78 1 1
111 C sp3 C2O2 14.18 15 15
112 C sp3 C2OCl 14.76 4 4
113 C sp3 C2OS 14 1 1
114 C sp3 C2OP 17.43 3 3
115 C sp3 C2S2 14.73 14 14
116 C sp3 C2Si2 10.98 1 1
117 C sp3 C2F2 5.01 145 40
118 C sp3 C2FCl 9.6 3 3
119 C sp3 C2Cl2 14.26 29 26
120 C sp3 C2ClBr 17.66 3 3
121 C sp3 C2Br2 20.24 6 6
122 C sp3 C2J2 30.57 1 1
123 C sp3 CNF2 11.26 8 3
124 C sp3 CNF2(+) 19.26 2 1
125 C sp3 CO3 19.63 7 7
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126 C sp3 CO2Si 17.49 1 1
127 C sp3 COF2 11.48 9 8
128 C sp3 COFCl 16.44 1 1
129 C sp3 CS3 25.53 2 2
130 C sp3 CSF2 10.98 4 3
131 C sp3 CSCl2 22.95 1 1
132 C sp3 CSiBr2 32.18 1 1
133 C sp3 CF3 5.98 98 75
134 C sp3 CF2Cl 10.67 16 14
135 C sp3 CF2Br 13.41 6 5
136 C sp3 CF2J 18.51 4 3
137 C sp3 CPF2(−) 8.9 6 2
138 C sp3 CFCl2 15.39 8 6
139 C sp3 CCl3 20.42 34 31
140 C sp3 CCl2Br 23.23 3 3
141 C sp3 CBr3 29.63 4 3
142 C sp3 N2F2(+) 32.23 1 1
143 C sp3 O4 25.69 3 3
144 C sp3 OSCl2 28.62 3 3
145 C sp3 OF3 11.23 7 7
146 C sp3 OF2Cl 16.36 1 1
147 C sp3 OCl3 26.18 5 5
148 C sp3 SF3 11.78 134 72
149 C sp3 SCl3 28.7 1 1
150 C sp3 SiCl3 25.66 1 1
151 C(−) sp3 HC2 8.26 2 2
152 C(−) sp3 C3 24.54 5 5
153 C sp2 H2=C 5.49 497 428
154 C sp2 HC=C 4.53 1415 860
155 C sp2 HC=N 8.09 22 21
156 C sp2 HC=N(+) 16.04 1 1
157 C sp2 H=CN 9.75 238 132
158 C sp2 H=CN(+) 17.95 3 3
159 C sp2 H=CN(−) −7.22 4 4
160 C sp2 HC=O 6.22 99 97
161 C sp2 H=CO 3.36 131 120
162 C sp2 H=CP 14.75 25 25
163 C sp2 H=CS 10.03 79 72
164 C sp2 H=CF 5.13 1 1
165 C sp2 H=CCl 10.29 26 23
166 C sp2 H=CBr 13.14 15 13
167 C sp2 H=CJ 18.02 2 2
168 C sp2 H=CSi 9.49 21 15
169 C sp2 HN=N 13.1 7 7
170 C sp2 HN=N(−) 5.23 2 2
171 C sp2 HN=O 11.36 11 11
172 C sp2 H=NO 6.76 3 3
173 C sp2 H=NS 13.17 2 2
174 C sp2 H=NS(+) −1.5 11 11
175 C sp2 HN=S 20.09 1 1
176 C sp2 HO=O 5.11 25 23
177 C sp2 HO=O(−) −0.62 4 4
178 C sp2 H=OS 12.42 2 2
179 C sp2 C2=C 3.53 377 295
180 C sp2 C2=N 6.82 41 34
181 C sp2 C2=N(+) 25.75 5 5
182 C sp2 C2=O 4.9 341 330
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183 C sp2 C2=O(−) 0 4 2
184 C sp2 C2=S 11.71 1 1
185 C sp2 C=CN 8.66 44 33
186 C sp2 C=CN(+) 16.87 3 3
187 C sp2 C=CO 2.4 94 88
188 C sp2 C=CS 9.32 40 39
189 C sp2 C=CF 4.43 6 4
190 C sp2 C=CCl 9.45 51 39
191 C sp2 C=CBr 11.94 15 15
192 C sp2 C=CJ 18.24 1 1
193 C sp2 CN=N 12.41 3 3
194 C sp2 CN=N(+) −2.61 4 4
195 C sp2 CN=O 10.15 76 71
196 C sp2 C=NO 5.46 11 11
197 C sp2 CN=O(+) 22.4 3 3
198 C sp2 =CNO(+) 18.51 1 1
199 C sp2 C=NS 12.19 3 3
200 C sp2 CO=O 3.91 1115 877
201 C sp2 CO=O(−) −2.03 50 50
202 C sp2 C=OP 13.82 1 1
203 C sp2 C=OS 10.82 8 8
204 C sp2 C=OF 4.46 2 2
205 C sp2 C=OCl 11.16 64 55
206 C sp2 C=OBr 14.11 4 4
207 C sp2 C=OJ 20.45 1 1
208 C sp2 CS=S 19.39 1 1
209 C sp2 =CO2 1.21 2 2
210 C sp2 =COS 8 3 3
211 C sp2 =COCl 7.75 1 1
212 C sp2 =COBr 10.45 1 1
213 C sp2 =COJ 15.61 1 1
214 C sp2 =CSCl 14.74 6 4
215 C sp2 =CSBr 17.68 4 3
216 C sp2 =CSJ 22.25 1 1
217 C sp2 =CSiBr 17.13 1 1
218 C sp2 =CF2 5.09 7 7
219 C sp2 =CFCl 10.2 3 2
220 C sp2 =CCl2 15.3 15 13
221 C sp2 =CClJ 22.87 1 1
222 C sp2 =CBr2 20.76 7 7
223 C sp2 =CBrJ 25.82 1 1
224 C sp2 =CJ2 30.75 1 1
225 C sp2 N2=N 16.88 2 2
226 C sp2 N2=O 14.77 10 10
227 C sp2 N2=S 21.5 2 2
228 C sp2 NO=O 9.3 19 16
229 C sp2 NO=S 18.4 1 1
230 C sp2 N=OS 17.32 2 2
231 C sp2 N=OCl 16.29 1 1
232 C sp2 =NOCl 10.4 1 1
233 C sp2 =NS2 20.87 3 3
234 C sp2 =NSCl 17.86 1 1
235 C sp2 =NSBr 21.65 1 1
236 C sp2 O2=O 2.9 21 20
237 C sp2 O=OS −14.19 1 1
238 C sp2 O=OCl 10 13 12
239 C sp2 =OS2 17.71 1 1
240 C sp2 OS=S 18.21 8 8
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241 C sp2 S2=S 26.78 2 2
242 C sp2 =OSCl 17.33 1 1
243 C aromatic H:C2 4.42 6519 1357
244 C aromatic H:C:N 6.45 139 92
245 C aromatic H:C:N(+) 3.24 62 33
246 C aromatic H:N2 7.84 3 3
247 C aromatic B:C2 −16.99 46 37
248 C aromatic :C3 4.56 251 119
249 C aromatic C:C2 3.53 1300 909
250 C aromatic C:C:N 5.73 52 43
251 C aromatic C:C:N(+) 2.09 6 5
252 C aromatic :C2N 9.79 158 143
253 C aromatic :C2N(+) 18.25 40 35
254 C aromatic :C2:N 6.2 11 11
255 C aromatic :C2O 2.8 359 287
256 C aromatic :C2P 11.21 35 34
257 C aromatic :C2S 9.77 43 40
258 C aromatic :C2F 4.32 119 64
259 C aromatic :C2Cl 9.24 123 99
260 C aromatic :C2Br 12.01 60 54
261 C aromatic :C2J 16.99 19 18
262 C aromatic :C2Si 8.57 79 52
263 C aromatic :CN:N 11.15 3 2
264 C aromatic C:N2 8.01 4 2
265 C aromatic :C:NO 5.39 4 4
266 C aromatic :C:NF 6.07 5 4
267 C aromatic :C:NCl 11.5 3 3
268 C aromatic :C:NBr 13.99 2 2
269 C aromatic :C:NJ 20.37 1 1
270 C aromatic N:N2 15.39 5 2
271 C aromatic :N2Cl 12.28 1 1
272 C(+) aromatic H:N2 −10.11 95 95
273 C(+) aromatic C:N2 −64.74 3 3
274 C(+) aromatic :N3 −8.28 5 5
275 C sp B#N(−) −14.24 20 5
276 C sp H#C 4.41 84 77
277 C sp =C2 4.9 9 9
278 C sp C#C 3.88 200 138
279 C sp C#N 5.49 149 132
280 C sp C#N(−) −3.13 15 5
281 C sp =C=O 5.84 4 3
282 C sp #CO 3.2 6 6
283 C sp #CS 9.65 1 1
284 C sp #CSi 8.08 6 3
285 C sp #CCl 10.37 3 3
286 C sp #CBr 12.31 4 4
287 C sp #CJ 17.16 6 6
288 C sp =N2 11.03 1 1
289 C sp N#N 10.62 3 3
290 C sp N#N(−) 1.34 26 13
291 C sp =N=O 8.24 18 14
292 C sp #NO 5.66 1 1
293 C sp #NP −2.29 1 1
294 C sp =N=S 15.8 34 20
295 C sp =N=S(−) 7.85 4 4
296 C sp #NS 11.5 12 12
297 N sp3 H2B −12.94 1 1
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298 N sp3 H2C −2 148 133
299 N sp3 H2C(pi) −1.3 77 69
300 N sp3 H2N −5.01 13 13
301 N sp3 H2Si 1.97 4 4
302 N sp3 HC2 −9.63 110 108
303 N sp3 HBC −20.05 18 11
304 N sp3 HBC(pi) −18.67 6 5
305 N sp3 HC2(pi) −8.63 54 53
306 N sp3 HC2(2pi) −7.37 37 34
307 N sp3 HCN −2.94 9 5
308 N sp3 HCN(pi) −1.31 2 2
309 N sp3 HCN(+)(pi) 4.48 2 2
310 N sp3 HCN(2pi) −3.61 3 3
311 N sp3 HCO −2.67 2 2
312 N sp3 HCP 0.72 3 3
313 N sp3 HCSi −5.5 6 6
314 N sp3 HCSi(pi) −4.28 1 1
315 N sp3 HNSi −8.36 34 19
316 N sp3 HSi2 −1.34 19 15
317 N sp3 B2C −38.6 12 4
318 N sp3 BC2 −27.51 16 11
319 N sp3 BC2(pi) −26.43 2 1
320 N sp3 C3 −16.75 123 110
321 N sp3 C3(pi) −15.83 67 61
322 N sp3 C3(2pi) −14.97 22 22
323 N sp3 C3(3pi) −15.13 3 3
324 N sp3 C2N −0.73 45 30
325 N sp3 C2N(pi) −0.19 14 14
326 N sp3 C2N(2pi) −10.64 4 4
327 N sp3 C2N(3pi) −9.23 2 2
328 N sp3 C2N(+)(pi) −2.99 2 2
329 N sp3 C2N(+)(2pi) −1.57 2 2
330 N sp3 C2N(+)(3pi) −40.57 5 5
331 N sp3 C2O −10.11 4 4
332 N sp3 C2P −6.55 86 54
333 N sp3 C2Si −12.89 27 12
334 N sp3 CCl2(pi) 11.05 1 1
335 N sp2 H=C 1.03 8 8
336 N sp2 C=C −6.59 63 58
337 N sp2 C=N −2.23 11 6
338 N sp2 C=N(+) 0.41 5 5
339 N sp2 =CN −0.2 19 13
340 N sp2 =CN(−) 13.22 2 2
341 N sp2 =CO −2.21 34 33
342 N sp2 =CP 2.65 1 1
343 N sp2 =CS 4.72 3 2
344 N sp2 =CSi −2.01 26 12
345 N sp2 N=N 3.04 1 1
346 N sp2 N=O −4.93 12 12
347 N sp2 O=O 3.41 18 15
348 N sp2 P=P 4.02 9 3
349 N(+) sp3 H3C −0.39 13 13
350 N(+) sp3 H2C2 −15.27 4 4
351 N(+) sp3 HC3 −30.15 8 8
352 N(+) sp3 C4 −47.94 46 46
353 N(+) sp2 HC=C 12.52 4 4
354 N(+) sp2 C2=C −5.91 11 11
355 N(+) sp2 C=CN 0 5 5
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356 N(+) sp2 C=NO(−) −4.48 2 2
357 N(+) sp2 CO=O(−) −7.16 75 65
358 N(+) sp2 NO=O(−) 0 6 6
359 N(+) sp2 O2=O(−) 0.2 27 20
360 N aromatic H2:C(+) 0 5 5
361 N aromatic HC:C(+) 10.05 1 1
362 N aromatic :C2 −1.94 120 105
363 N aromatic C2:C(+) 1.26 205 103
364 N aromatic :C:N 0.2 6 3
365 N(+) aromatic C:C2 −1.86 33 33
366 N(+) aromatic :C2O(−) 8.85 1 1
367 N(+) sp C#C(−) −7.99 3 3
368 N(+) sp =C=N(−) −3.91 1 1
369 N(+) sp =N2(−) 2.99 3 3
370 N(−) C2 4.69 15 15
371 N(−) CN −12.52 2 2
372 N(−) S2 1.69 69 69
373 O HB −17.09 3 3
374 O B2 −35.49 6 6
375 O HC −3.5 602 527
376 O HC(pi) 3.39 266 250
377 O HN 2.35 4 4
378 O HN(pi) 4.33 14 14
379 O HO 2.75 15 15
380 O HS 7.17 5 4
381 O HP 5.14 26 23
382 O HSi 0.8 7 7
383 O BC −23.16 165 75
384 O BC(pi) −11.65 2 1
385 O BC(−)(pi) −31.4 8 4
386 O C2 −10.27 617 420
387 O C2(pi) −3.51 1209 958
388 O C2(2pi) 3.23 137 135
389 O CN −4.7 2 2
390 O CN(pi) −2.22 31 28
391 O CN(+)(pi) 2.51 24 17
392 O CN(2pi) 3.03 5 5
393 O CO −3.92 31 23
394 O CO(pi) 3.65 2 2
395 O CP −1.46 471 249
396 O CP(pi) 4.87 50 30
397 O CS −0.98 48 37
398 O CSi −6.31 244 103
399 O CSi(pi) 0.28 29 19
400 O CCl 2.14 1 1
401 O N2(2pi) 3.14 1 1
402 O P2 7.2 23 19
403 O Si2 −2.39 116 35
404 P3 H2C 2.85 17 17
405 P3 HC2 −6.24 3 3
406 P3 C3 −15.17 18 18
407 P3 C2O −10.92 10 10
408 P3 C2S −3.08 3 3
409 P3 C2Cl −6.82 16 16
410 P3 CO2 −6.82 15 15
411 P3 COCl −2.2 6 6
412 P3 CS2 17.67 1 1
413 P3 CCl2 12.05 8 8

90



Liquids 2022, 2

Table 2. Cont.

Entry Atom Type Neighbors Contribution Occurrences Molecules

414 P3 N3 −4.26 1 1
415 P3 N2O −2.29 3 3
416 P3 NO2 −1.46 3 3
417 P3 O3 −1.41 26 26
418 P3 O2Cl 6.11 1 1
419 P3 OCl2 16.38 1 1
420 P3 S3 21.45 4 4
421 P4 HC2=O −7.52 2 2
422 P4 HO2=O 2.18 17 17
423 P4 HO2=S 8.79 3 3
424 P4 C3=O −17.18 3 3
425 P4 C3=S −8.85 3 3
426 P4 C2O=O −12.11 10 10
427 P4 C2O=O(−) −15.97 1 1
428 P4 C2=OS −4.17 1 1
429 P4 C2O=S −4.41 1 1
430 P4 C2S=S −0.38 1 1
431 P4 C2=SCl 5.18 1 1
432 P4 CN2=O −10.68 10 10
433 P4 CNO=O 8.01 1 1
434 P4 CN=OF −5.4 4 4
435 P4 CN=OCl 0.56 5 5
436 P4 CO2=O −7.79 42 42
437 P4 CO2=O(−) −10.36 1 1
438 P4 CO2=S 0.26 8 8
439 P4 C=OS2 8.61 2 2
440 P4 COS=S 7.49 30 30
441 P4 C=OF2 0.52 5 5
442 P4 C=OCl2 11.1 9 9
443 P4 CS2=S 16.66 6 3
444 P4 C=SCl2 19.41 5 5
445 P4 N3=O −6.3 1 1
446 P4 N2O=O −5 5 5
447 P4 N=NO2 −3.25 6 2
448 P4 N2O=S 3.2 2 2
449 P4 N2=OF −0.37 1 1
450 P4 N=NS2 12.33 3 1
451 P4 NO2=O −4.03 3 3
452 P4 NO2=S 4.11 6 6
453 P4 NO=OF 0.12 7 6
454 P4 NO=SF 7.56 5 4
455 P4 N=OF2 4.05 1 1
456 P4 N=OFCl 9.6 2 2
457 P4 N=OFBr 12.55 1 1
458 P4 N=OCl2 14.9 1 1
459 P4 N=SFCl 17.24 1 1
460 P4 N=SFBr 20.83 1 1
461 P4 N=SCl2 22.78 1 1
462 P4 O3=O −2.5 33 26
463 P4 O3=O(−) −6.33 3 3
464 P4 O3=S 5.03 16 14
465 P4 O2=OS 15.08 4 4
466 P4 O2=OF 1.56 16 12
467 P4 O2=OCl 6.38 2 2
468 P4 O2S=S 12.87 2 2
469 P4 O2=SF 9.65 2 1
470 P4 O2=SCl 14.28 3 3
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471 P4 O=OF2 5.45 1 1
472 P4 O=OFCl 10.51 7 6
473 P4 O=OFBr 13.17 1 1
474 P4 O=OCl2 15.86 1 1
475 P4 O=SF2 12.58 1 1
476 P4 O=SFCl 18.16 1 1
477 P4 O=SFBr 21.4 1 1
478 P4 O=SCl2 23.03 1 1
479 P(−) C3F3 −11.9 2 2
480 P(−) F6 1.32 6 6
481 P(+) C4 −14.3 12 12
482 S2 HC 2.74 78 58
483 S2 HC(pi) 2.64 8 7
484 S2 HP 5.84 27 27
485 S2 BC −21.7 51 32
486 S2 BC(pi) −21.88 3 3
487 S2 C2 −4.08 157 98
488 S2 C2(pi) −3.93 77 73
489 S2 C2(2pi) −4.31 70 70
490 S2 CP −1.63 34 18
491 S2 CS 2.06 38 21
492 S2 CS(pi) −12.06 2 1
493 S2 CCl 6.16 5 5
494 S2 N2(2pi) −5.14 1 1
495 S2 PCl 0 4 4
496 S2 P2 0 6 3
497 S2 S2 8.87 6 5
498 S4 C2=O −3.2 4 4
499 S4 C2=O2 −3.24 12 12
500 S4 CN=O2(−) −0.22 126 63
501 S4 CO=O2 −1.48 11 11
502 S4 CO=O2(−) −3.78 24 24
503 S4 C=OCl 9.42 6 6
504 S4 C=OS 3.69 4 4
505 S4 C=O2F 4.69 8 8
506 S4 C=O2Cl 8.91 8 8
507 S4 N=O2F(−) 5.76 12 6
508 S4 N=O2Cl 10.28 1 1
509 S4 O=OCl 11.86 1 1
510 S4 O2=O 1.31 7 7
511 S4 O2=O2 1.17 4 4
512 S4 O2=O2(−) −2.26 16 16
513 S4 O=O2Cl 11.45 2 2
514 S4 O=O2F 5.93 1 1
515 S(+) C3 −19.18 5 5
516 Si H3C 6.42 8 7
517 Si H3Si 12.32 19 8
518 Si H2C2 0.06 12 10
519 Si H2CN 6.65 1 1
520 Si H2CCl 10.82 1 1
521 Si H2Si2 12.04 18 7
522 Si HC3 −6.7 14 14
523 Si HC2N 0.57 5 4
524 Si HC2O −0.27 11 7
525 Si HC2Cl 3.98 4 4
526 Si HCN2 7.39 6 6
527 Si HCO2 5.89 18 9
528 Si HCOCl 10.13 1 1
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529 Si HN3 14.51 1 1
530 Si HSi3 12.05 3 3
531 Si C4 −12.83 49 40
532 Si C3N −6.05 42 32
533 Si C3O −6.7 84 61
534 Si C3F −7.57 5 5
535 Si C3Cl −2.55 12 12
536 Si C3Br 0.52 3 3
537 Si C3J 6.46 2 2
538 Si C3Si −6.69 6 3
539 Si C2N2 1.02 12 10
540 Si C2O2 −0.54 100 39
541 Si C2Si2 −0.39 3 2
542 Si C2SiCl 3.56 2 1
543 Si C2F2 −2.89 6 6
544 Si C2Cl2 8.03 13 13
545 Si C2Br2 14.34 1 1
546 Si C2J2 26 1 1
547 Si CN3 7.74 6 6
548 Si CN2Cl 11.22 2 2
549 Si CO3 5.81 30 30
550 Si COCl2 14.59 4 4
551 Si CF3 2.56 3 3
552 Si CCl3 18.65 17 16
553 Si CBr3 27.76 1 1
554 Si NO3 12.84 6 4
555 Si N2O2 4.42 1 1
556 Si N3O 0.43 1 1
557 Si N4 14.64 4 4
558 Si O4 12.5 15 15
559 Si O3Cl 16.78 1 1
560 Si OCl3 25.14 2 2
561 Chloride −1 7 7
562 Bromide 3.11 3 3
A Based on Valid groups 382 5988
B Goodness of fit R2 0.9997 5763
C Deviation Average 0.29 5763
D Deviation Standard 0.38 5763
E K-fold cv K 10 5572
F Goodness of fit Q2 0.9997 5572
G Deviation Average (cv) 0.31 5572
H Deviation Standard (cv) 0.41 5572

2.3. Calculation of the Refractivity

The calculation of the refractivity of a molecule, based on the atom group parameters
compiled in Table 2, is a simple summing up of the contribution of each atom group found
in a molecule, as exemplified in Table 3 for 1-butyl-3-methylimidazolium tetrafluoroborate
(Figure 1), for which the experimentally evaluated refractivity value was 47.81 [10]. The pa-
rameters for the monoatomic anions found among some ILs are given under the respective
“group” names “Chloride” and “Bromide”. Any further halogenide anion can be taken
into account analogously as soon as the experimental data of at least three representative
compounds are available.

93



Liquids 2022, 2

Table 3. Example calculation of the refractivity of 1-butyl-3-methylimidazolium tetrafluoroborate.

Atom Type
Neighbors

B(−) F4
C sp3
H3C

C sp3
H3N

C sp3
H2C2

C sp3
H2CN

C sp2
H=CN

C(+) Aromatic
HN2

N Aromatic
C2:C(+)

Sum

Contribution −2.41 5.7 12.24 4.63 11.13 9.75 −10.11 1.26
n Groups 1 1 1 2 1 2 1 2

n × Contribution −2.41 5.7 12.24 9.26 11.13 19.5 −10.11 2.52 47.83

Figure 1. 1-Butyl-3-methylimidazolium tetrafluoroborate.

It goes without saying that this calculation method is limited to compounds for which
each atom group is defined by a parameter value in Table 2. In addition, as the reliability of
these parameter values increases with the number of independent molecules upon which
they are based, only atom groups should be considered for which the number of molecules
in the rightmost column of Table 2 is three or more, which are henceforth called “valid”. (It
could be shown by means of several cross-validation calculations that the decrease of the
cross-validated standard deviation on going from three to four molecules per atom group is
insignificant compared with the decrease observed when going from two to three molecules
per atom group.) Consequently, the number of molecules for which the refractivity values
have been calculated (lines B, C, and D in Table 2) is necessarily smaller than the number
upon which the calculation of the complete set of parameters is based (line A in Table 2).

2.4. Cross-Validation Calculations

The calculations of the atom group parameters are immediately followed by a plau-
sibility test applying a 10-fold cross-validation algorithm comprising 10 recalculations
omitting in each case a different tenth of the complete set of compounds, ensuring that each
compound has been used once as a test sample. The resulting training and test data are
added to the molecule’s datafiles. Finally, the corresponding statistics data are evaluated
and collected at the bottom of Table 2. Due to the smaller number of training molecules
in the cross-validation calculations and the condition that only atom group parameters
should be considered in the calculation of the individual refractivities for which the number
of molecules in the rightmost column is three or more, the number of molecules with
calculated refractivities (lines E, F, G, and H) is again lower in the test set than in the train-
ing set (lines B, C, and D). Atom group parameters with molecule numbers below three
in the rightmost column, which are accordingly at present not applicable for refractivity
calculations, have deliberately been left in Table 2 for future use in this continuing project
and not least in the hope that interested scientists may assist in increasing the number
of “valid” groups in this parameters list by compounds carrying the underrepresented
atom groups. At present, the list of elements for refractivity/polarizability calculations
is limited to H, B, C, N, O, P, S, Si, and/or halogen, but is easily extendable to enable the
parametrization of atom groups containing additional elements for which experimental
densities and refractive indices are available.
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2.5. Calculation of the Polarizability

According to the Lorentz–Lorenz relation R = 4/3πNα, N being Avogadro’s num-
ber, the refractivity R of a molecule can be translated into its polarizability α by simply
multiplying its refractivity value with the reciprocal value of 4/3πN, which is 0.3964, if
the refractivity is expressed in mL and the polarizability in A3. Therefore, in this study,
for each input experimental refractivity value, the corresponding polarizability value was
also evaluated and stored as experimental value in the database, and vice versa. The
latter is all the more justified as in many (if not most) cases, the polarizability value was
evaluated via the refractivity value. Accordingly, the number of experimental data for these
two descriptors is identical, and so is their list of atom group parameters. As a consequence,
calculation of a molecule’s refractivity value by means of the group additivity method,
based on the refractivity parameters in Table 2, immediately enabled the calculation of its
polarizability value by simply multiplying it by 0.3964.

3. Sources of Refractivity and Polarizability Data

In most cases, it was not the refractivity value itself that was published in the follow-
ing references but the refractive index (nd) and the density (d) of the molecules, which
then had to be translated into the refractivity (R) according to the equation R = (nd

2 − 1)/
(nd

2 + 2) × (M/d), where M is the molecular weight. The primary sources of the refractivity
data for the earlier [1] as well as the present study were the comprehensive CRC Handbook
of Chemistry and Physics [11] and the collective work of Ghose and Crippen [12]. Within
the last 7 years since the first publication dealing with the present subject however, a large
number of further papers has been collected producing additional refractivity and polariz-
ability data which helped to extend the scope of applicability of the atom group additivity
method, particularly for boron- and silicon-containing compounds and ionic liquids. In the
following, they have been sorted by their dominant functional features. Within the last ca.
85 years, many papers have been published producing the refractive indices and densities
to characterize various hydrocarbons [13–34], alcohols [35–42], ethers [43–47], acids [48],
(ortho)esters and carbonates [49–62], acetals [63,64], ketones [65,66], peroxides [67–71],
amines, hydrazines, nitriles, and nitro compounds [72–78], and various boron- [79–96],
phosphorus- [97–136], and sulfur-containing compounds [137–160]. Many of the com-
pounds mentioned so far also carried halogens [161–182,182–196]. An interesting extension
to the parameters database was provided by papers presenting results of silicon-containing
compounds [197–240]. Beyond the refractivity data of the various mentioned functional
groups, those for a number of hetarenes and heterocycles have been published [241–260].
Another important extension that was not covered in the earlier paper [1] is the class of
ionic liquids [10,261–366]. In addition, several papers have been added which contributed
various subjects that could not be assigned to any specific subject of the aforementioned
ones [2,367–385]. Finally, a number of papers published experimental data of the polariz-
ability of molecules, in many cases derived from their refractivity values [6,386–395].

4. Results

4.1. Refractivity

In the paper of Ghose and Crippen [3] mentioned earlier, it was stated that the molar
refractivity is directly related to the molecule’s volume, expressed in the refractivity’s unit
“mL”, their atom group parameters accordingly being associated with the volume of the
molecule’s constituting atoms. The present approach, on the other hand, does not care
about the theoretical background of the refractivity as it is a purely mathematical method
to adjust the calculated to the experimental data, and therefore the resulting atom group
parameters must not be assigned with any physical meaning. Consequently, as can be seen
in Tables 2 and 3, negative parameter values are not unusual.

While in the earlier paper [1], generally no limit was given concerning the deviation
of the experimental data from the calculated ones for the evaluation of the atom group
parameters, in the present work, the atom group parameters in Table 2 and the statistics
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data at its bottom (Lines A to H) are the result after a stepwise elimination of outliers,
defined as their experimental value deviating from the calculated one by more than three
times the cross-validated standard error Q2. The final list of discarded outliers is available
in the Supplementary Materials. As a consequence, 5988 of the originally 6501 compounds
with experimental data remained for the evaluation of said parameters, leaving ca. 7.9% as
outliers. Due to the elimination of the outliers, the statistical data significantly improved
in comparison with those in the earlier paper: not only is the present set of parameters
based on a significantly larger number of molecules (5988 vs. 4300, rows A in present
Table 2 vs. corresponding Table 13 of [1]) and a larger number of atom groups (562 vs. 364),
but also their standard deviation (0.38 vs. 0.66, rows D) and the cross-validated deviation
(0.41 vs. 0.7, rows H) drastically improved. Together with the corresponding correlation
coefficients R2 and Q2 of 0.9997 (rows B and F in Table 2) in the present work, they compare
very favorably with the correlation coefficient of 0.994 and the standard deviation of 1.269
published by Ghose and Crippen [3]. The mean absolute percentage deviation (MAPD) of
the finally calculated refractivities from the experimental values of 5988 molecules is 0.76%.
The increased number of “valid” atom group parameters enabled the calculation of the
refractivities and polarizabilities of ca. 80% of the close to 36,000 molecules in the present
database, which can be viewed as representative for the entire chemical realm. The excellent
correlation between experiment and prediction is visualized in the correlation diagram of
Figure 2. The corresponding histogram in Figure 3 confirms the uniform distribution of
the deviations between the experimental and calculated refractivities, their experimental
values ranging from 8.23 (methanol) to 271.13 (glycerol tristearate). The complete set of
compounds with experimental refractivities used for the atom group parameters of Table 2
are available in the Supplementary Materials.

An interesting observation can be made with respect to the outliers in that many of
them are solids. Cao et al. [396] showed that solid compounds can exhibit up to three
differing refractive indices, depending on their crystal symmetry. A typical example is
Ibuprofen, a non-steroidal antirheumatic, which shows the three refractive index values
1.522, 1.572, and 1.644. With its reported density of 1.119 g/cm3 and a refractivity of 60.95,
calculated by means of our group additivity model, we calculated a refractive index of 1.575,
which is pretty close to the mean of the three experimental values. Analogous results have
been found with several other outliers, confirming the assessment that in cases where the
experimental refractive index strongly deviates from the predicted one, the reason might
be that a specific crystal form of the compound was examined. Since these mean refractive
index values usually do not represent real crystalline forms, they were not included in the
group parameters optimization procedure.

Since the last paper [1] of 2015, the systematic screening of the chemical literature
has provided a number of refractivities data of previously under-represented classes of
molecules enabling, as mentioned earlier, a substantial increase of the number of atom
group parameters in the present Table 2 compared with the one of Table 13 in [1]. In
particular, three classes of compounds have experienced an extended representation and
will in the following be discussed in more detail: ionic liquids and silicon- and boron-
containing compounds.
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Figure 2. Correlation diagram of the refractivity data. Cross-validation data are superpositioned
as red circles. (10-fold cross-valid.: N = 5763, Q2 = 0.9997, regression line: intercept = 0.0292;
slope = 0.9995, MAPD = 0.76%).
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Figure 3. Histogram of the refractivity data. Cross-validation data are superpositioned as red bars.
(σ = 0.38; S = 0.41; experimental values range from 8.23 to 271.13).

4.1.1. Ionic Liquids

In the last ca. 25 years, ionic liquids (ILs) have experienced increasing attention as
potential replacements for volatile solvents as they are non-volatile, non-inflammable, and
can easily be recycled. Their physical properties are easily tunable by suitable choice of
their cation and anion, making them favorable candidates as media for chemical syntheses.
The enormous variety of potential cation–anion combinations, however, obliges one to
put the focus on those candidates with the most promising properties. In the last few
years, a substantial number of ILs have been synthesized and their physical properties
have been examined. Based on these results, few attempts have been made so far to utilize
these results for the prediction of the physical properties of as yet unknown cation–anion
combinations, and if yes, then for a narrow scope within the scientists’ range of experience
(see, e.g., Almeida et al. [317]), or as in other cases, as in the papers of Sattari et al. [335]
or of Venkatraman et al. [359], for the prediction of a specific property based on a fairly
large range of ILs by either applying quantitative structure–property relationship (QSPR)
technique or machine learning. The present atom group additivity approach, on the other
hand, has proven its versatility in that it is able to predict a number of properties of nearly
any type of compound by means of an identical algorithm, simply using the appropriate
atom group parameters tables. Accordingly, based on the updated parameters tables in
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this ongoing project, we have been able to calculate the heat of combustion [397] for 30 ILs
with a correlation coefficient R2 of 1.0 and a mean average percentage deviation from
experimental values (MAPD) of 0.21% and a standard deviation σ of 17.75 kJ/mol, the
heat of vaporization [398] of 61 ILs (R2 = 0.9615, MAPD = 2.12%, σ = 4.22 kJ/mol), the
liquid viscosity [8] for 113 ILs (R2 = 0.9830, MAPD = 3.43%, σ = 0.11 J/mol/K), the surface
tension [399] of 161 ILs (R2 = 0.8413, MAPD = 5.17%, σ = 2.40 dyn/cm), and the liquid
heat capacity at 298 K [400] of 140 ILs (R2 = 0.9986, MAPD = 1.05%, σ = 7.50 J/mol/K). In
analogy to these results, the refractivity values of 228 ILs calculated by means of the atom
group parameters of Table 2 were compared with their experimental data and collected
alphabetically in Table 4, revealing a MAPD of only 0.44% and a σ of 0.38. For comparison:
the statistics for the 203 ILs for which, while serving as test samples in the cross-validation
calculations, the test results could be calculated, yielded an only slightly inferior MAPD of
0.51% and a σ of 0.44.

Table 4. Calculated and experimental refractivity of ionic liquids.

Molecule Name Refractivity Exp. Refractivity Calc. Deviation Dev. in %

1-(2-Cyanoethyl)-3-(2-hydroxyethyl)-imidazolium chloride 51.06 50.40 0.66 1.29
1-(2-Cyanoethyl)-3-(2-propen-1-yl)-imidazolium chloride 53.46 53.31 0.15 0.28

1-(2-Cyanoethyl)-3-octylimidazolium 3-sulfobenzoate 111.59 112.27 −0.68 −0.61
1-(2-Hydroxyethyl)-3-methylimidazolium perfluoropentanoate 62.30 61.37 0.93 1.49

1-(3-Cyanopropyl)-3-methylimidazolium
bis(trifluoromethylsulfonyl) amide 74.64 74.84 −0.20 −0.27

1-(3-Cyanopropyl)-3-methylimidazolium dicyanamide 56.96 57.40 −0.44 −0.77
1-(3-Cyanopropyl)-3-methylimidazolium tetrafluoroborate 46.88 47.62 −0.74 −1.58

1-(3-Cyanopropyl)-pyridinium bis(trifluoromethylsulfonyl) amide 75.74 76.04 −0.30 −0.40
1-(3-Cyanopropyl)-pyridinium dicyanamide 57.75 58.60 −0.85 −1.47
1,1,3,3-Tetramethylguanidinium butanoate 56.23 56.13 0.10 0.18

1,1,3,3-Tetramethylguanidinium heptanoate 70.63 70.02 0.61 0.86
1,1,3,3-Tetramethylguanidinium hexanoate 64.74 65.39 −0.65 −1.00
1,1,3,3-Tetramethylguanidinium octanoate 74.36 74.65 −0.29 −0.39

1,1,3,3-Tetramethylguanidinium pentanoate 60.85 60.76 0.09 0.15
1,2-Diethylpyridinium ethylsulfate 64.48 64.43 0.05 0.08

1,3-Diethylimidazolium bis(trifluoromethylsulfonyl) amide 70.29 70.38 −0.09 −0.13
1,3-Dimethylimidazolium bis(trifluoromethylsulfonyl) amide 60.56 61.20 −0.64 −1.06

1,3-Dimethylimidazolium methosulfate 44.78 44.80 −0.02 −0.04
1,3-Dipropylimidazolium bis(trifluoromethylsulfonyl) amide 79.71 79.64 0.07 0.09

1-Benzyl-3-methylimidazolium bis(trifluoromethylsulfonyl) amide 85.86 85.72 0.14 0.16
1-Butyl-1-methylpiperidinium bis(trifluoromethylsulfonyl)amide 81.48 81.50 −0.02 −0.02

1-Butyl-1-methylpyrrolidinium
2-acryloamido-2-methylpropanesulfonate 91.47 90.77 0.70 0.77

1-Butyl-1-methylpyrrolidinium acetate 55.00 55.73 −0.73 −1.33
1-Butyl-1-methylpyrrolidinium bis(trifluoromethylsulfonyl)amide 76.89 76.87 0.02 0.03

1-Butyl-1-methylpyrrolidinium dicyanamide 60.12 59.43 0.69 1.15
1-Butyl-1-methylpyrrolidinium methylsulfate 60.93 60.47 0.46 0.75

1-Butyl-1-methylpyrrolidinium trifluoromethanesulfonate 60.44 60.06 0.38 0.63
1-Butyl-2,3-dimethylimidazolium bis(trifluoromethanesulfonyl) amide 79.33 79.39 −0.06 −0.08

1-Butyl-2,3-dimethylimidazolium tetrafluoroborate 52.38 52.17 0.21 0.40
1-Butyl-2-methylpyridinium tetrafluoroborate 53.45 53.58 −0.13 −0.24
1-Butyl-3-(2-cyanoethyl)-imidazolium chloride 57.93 58.25 −0.32 −0.55

1-Butyl-3-(2-cyanoethyl)imidazolium thiocyanate 67.06 67.10 −0.04 −0.06
1-Butyl-3-ethylimidazolium bis(trifluoromethylsulfonyl) amide 79.44 79.64 −0.20 −0.25

1-Butyl-3-ethylimidazolium triflate 63.01 62.83 0.18 0.29
1-Butyl-3-methylimidazolium

2-acryloamido-2-methylpropanesulfonate 88.52 88.95 −0.43 −0.49

1-Butyl-3-methylimidazolium acetate 54.18 53.91 0.27 0.50
1-Butyl-3-methylimidazolium bis(perfluorobutanesulfonyl) amide 105.39 105.45 −0.06 −0.06
1-Butyl-3-methylimidazolium bis(trifluoromethanesulfonyl) amide 74.99 75.05 −0.06 −0.08

1-Butyl-3-methylimidazolium dicyanoamide 57.80 57.61 0.19 0.33
1-Butyl-3-methylimidazolium glycine 58.39 57.34 1.05 1.80

1-Butyl-3-methylimidazolium hexafluorophosphate 51.46 51.56 −0.10 −0.19
1-Butyl-3-methylimidazolium methosulfate 58.58 58.65 −0.07 −0.12
1-Butyl-3-methylimidazolium octylsulfate 91.49 91.09 0.40 0.44
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Table 4. Cont.

Molecule Name Refractivity Exp. Refractivity Calc. Deviation Dev. in %

1-Butyl-3-methylimidazolium perfluorobutylsulfonate 73.34 73.44 −0.10 −0.14
1-Butyl-3-methylimidazolium tetracyanoborate 67.83 67.87 −0.04 −0.06
1-Butyl-3-methylimidazolium tetrafluoroborate 47.81 47.83 −0.02 −0.04

1-Butyl-3-methylimidazolium thiocyanate 57.79 58.09 −0.30 −0.52
1-Butyl-3-methylimidazolium threoninate 68.48 67.95 0.53 0.77

1-Butyl-3-methylimidazolium tricyanomethanide 65.33 65.39 −0.06 −0.09
1-Butyl-3-methylimidazolium trifluoromethylsulfonate 57.91 58.24 −0.33 −0.57

1-Butyl-4-methylpyridinium tetrafluoroborate 54.00 53.84 0.16 0.30
1-Butylpyridinium 2-acryloamido-2-methylpropanesulfonate 91.01 90.15 0.86 0.94

1-Butylpyridinium bis(fluorosulfonyl) amide 64.60 64.65 −0.05 −0.08
1-Butylpyridinium dicyanamide 58.87 58.81 0.06 0.10

1-Butylpyridinium tetrafluoroborate 48.99 49.03 −0.04 −0.08
1-Butyltetrahydrothiophenium dicyanamide 59.59 59.81 −0.22 −0.37

1-Decyl-3-methylimidazolium bis(trifluoromethanesulfonyl) amide 102.90 102.83 0.07 0.07
1-Decyl-3-methylimidazolium tetracyanoborate 95.66 95.65 0.01 0.01

1-Decyl-3-methylimidazolium tricyanomethanide 93.23 93.17 0.06 0.06
1-Dodecyl-3-methylimidazolium bis(trifluoromethanesulfonyl) amide 112.08 112.09 −0.01 −0.01
1-Ethyl-2,3-dimethylimidazolium bis(trifluoromethanesulfonyl) amide 69.94 70.13 −0.19 −0.27

1-Ethyl-3-methylimidazolium 1,1,2,2-tetrafluoroethanesulfonate 53.91 53.77 0.14 0.26
1-Ethyl-3-methylimidazolium acetate 44.95 44.65 0.30 0.67

1-Ethyl-3-methylimidazolium aminoacetate 47.68 48.08 −0.40 −0.84
1-Ethyl-3-methylimidazolium bis(trifluoromethanesulfonyl) amide 65.77 65.79 −0.02 −0.03

1-Ethyl-3-methylimidazolium dicyanamide 48.35 48.35 0.00 0.00
1-Ethyl-3-methylimidazolium diethylphosphate 64.56 64.35 0.21 0.33

1-Ethyl-3-methylimidazolium dimethylphosphate 55.17 55.03 0.14 0.25
1-Ethyl-3-methylimidazolium ethosulfate 54.16 54.05 0.11 0.20

1-Ethyl-3-methylimidazolium imidodisulfurylfluoride 54.05 54.19 −0.14 −0.26
1-Ethyl-3-methylimidazolium L-alanine 52.10 52.64 −0.54 −1.04
1-Ethyl-3-methylimidazolium L-proline 58.84 59.70 −0.86 −1.46
1-Ethyl-3-methylimidazolium L-serine 54.05 54.05 0.00 0.00

1-Ethyl-3-methylimidazolium methanesulfonate 48.45 48.69 −0.24 −0.50
1-Ethyl-3-methylimidazolium methylsulfate 48.62 49.39 −0.77 −1.58

1-Ethyl-3-methylimidazolium taurinate 56.41 56.96 −0.55 −0.98
1-Ethyl-3-methylimidazolium tetracyanoborate 58.77 58.61 0.16 0.27
1-Ethyl-3-methylimidazolium tetrafluoroborate 38.70 38.57 0.13 0.34

1-Ethyl-3-methylimidazolium thiocyanate 48.31 48.83 −0.52 −1.08
1-Ethyl-3-methylimidazolium threoninate 58.86 58.69 0.17 0.29

1-Ethyl-3-methylimidazolium tricyanomethide 55.87 56.13 −0.26 −0.47
1-Ethyl-3-methylimidazolium trifluoromethylsulfonate 48.91 48.98 −0.07 −0.14
1-Ethyl-3-methylpyridinium bis(fluorosulfonyl) amide 60.16 60.20 −0.04 −0.07

1-Ethyl-3-methylpyridinium ethylsulfate 60.18 60.06 0.12 0.20
1-Ethyl-3-propylimidazolium bis(trifluoromethanesulfonyl) amide 74.95 75.01 −0.06 −0.08

1-Ethylmorpholinium tetrafluoroborate 40.81 39.89 0.92 2.25
1-Ethylpyridinium bis(fluorosulfonyl) amide 55.18 55.39 −0.21 −0.38

1-Ethylpyridinium ethylsulfate 55.29 55.25 0.04 0.07
1-Ethylpyridinium triflate 50.05 50.18 −0.13 −0.26

1-Ethyltetrahydrothiophenium dicyanamide 50.87 50.55 0.32 0.63
1-Heptyl-3-methylimidazolium bis(trifluoromethanesulfonyl) amide 88.14 88.94 −0.80 −0.91

1-Heptyl-3-methylimidazolium hexafluorophosphate 65.44 65.45 −0.01 −0.02
1-Hexyl-1-methylpyrrolidinium bis(trifluoromethanesulfonyl) amide 87.26 86.13 1.13 1.29
1-Hexyl-3,5-dimethylpyridinium bis(trifluoromethylsulfonyl)amide 95.56 95.13 0.43 0.45

1-Hexyl-3-methylimidazolium acetate 63.54 63.17 0.37 0.58
1-Hexyl-3-methylimidazolium bis(trifluoromethanesulfonyl) amide 84.23 84.31 −0.08 −0.09

1-Hexyl-3-methylimidazolium chloride 58.80 58.50 0.30 0.51
1-Hexyl-3-methylimidazolium dicyanoamide 67.19 66.87 0.32 0.48

1-Hexyl-3-methylimidazolium hexafluorophosphate 60.69 60.82 −0.13 −0.21
1-Hexyl-3-methylimidazolium tetracyanoborate 76.88 77.13 −0.25 −0.33
1-Hexyl-3-methylimidazolium tetrafluoroborate 56.91 57.09 −0.18 −0.32

1-Hexyl-3-methylimidazolium thiocyanate 68.17 67.35 0.82 1.20
1-Hexyl-3-methylimidazolium tricyanomethanide 74.67 74.65 0.02 0.03

1-Hexylpyridinium bis(fluorosulfonyl) amide 73.94 73.91 0.03 0.04
1-Isobutyl-1-methylpyrrolidinium bis(trifluoromethylsulfonyl)amide 77.02 76.83 0.19 0.25
1-Isobutyl-3-methylimidazolium bis(trifluoromethanesulfonyl) amide 74.92 75.01 −0.09 −0.12

1-Isobutyl-3-methylpyridinium bis(trifluoromethylsulfonyl)amide 81.23 81.02 0.21 0.26
1-Methyl-1-(2′,3′-epoxypropyl)-2-oxopyrrolidinium chloride 49.38 49.79 −0.41 −0.83
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Table 4. Cont.

Molecule Name Refractivity Exp. Refractivity Calc. Deviation Dev. in %

1-Methyl-1-decylpyrrolidinium bis(trifluoromethanesulfonyl) amide 104.90 104.65 0.25 0.24
1-Methyl-1-propylpiperidinium bis(trifluoromethylsulfonyl)amide 76.90 76.87 0.03 0.04

1-Methyl-1-propylpyrrolidinium bis(fluorosulfonyl) amide 61.04 60.64 0.40 0.66
1-Methyl-1-propylpyrrolidinium bis(trifluoromethanesulfonyl) amide 72.50 72.24 0.26 0.36

1-Methyl-2-pyrrolidonium tetrafluoroborate 37.04 37.68 −0.64 −1.73
1-Methyl-3-hexylimidazolium threoninate 77.73 77.21 0.52 0.67
1-Methyl-3-pentylimidazolium threoninate 73.07 72.58 0.49 0.67
1-Methyl-3-propylimidazolium threoninate 63.75 63.32 0.43 0.67
1-Methylmorpholinium tetrafluoroborate 35.90 35.57 0.33 0.92
1-Methylpiperidinium tetrafluoroborate 37.84 38.51 −0.67 −1.77

1-Methylpyridinium methylsulfate 46.05 46.27 −0.22 −0.48
1-Methylpyrrolidinium tetrafluoroborate 34.55 33.88 0.67 1.94

1-Nonyl-3-methylimidazolium bis(trifluoromethanesulfonyl) amide 98.06 98.20 −0.14 −0.14
1-Nonyl-3-methylimidazolium hexafluorophosphate 74.74 74.71 0.03 0.04

1-Octyl-3-methylimidazolium bis(trifluoromethanesulfonyl) amide 93.61 93.57 0.04 0.04
1-Octyl-3-methylimidazolium chloride 67.80 67.76 0.04 0.06

1-Octyl-3-methylimidazolium hexafluorophosphate 70.30 70.08 0.22 0.31
1-Octyl-3-methylimidazolium tetracyanoborate 86.41 86.39 0.02 0.02
1-Octyl-3-methylimidazolium tetrafluoroborate 66.24 66.35 −0.11 −0.17

1-Octyl-3-methylimidazolium tricyanomethanide 84.09 83.91 0.18 0.21
1-Octyl-3-methylpyridinium tetrafluoroborate 72.74 72.36 0.38 0.52

1-Octylpyridinium bis(trifluoromethylsulfonyl)amide 95.19 94.77 0.42 0.44
1-Pentyl-3-methylimidazolium acetate 59.01 58.54 0.47 0.80

1-Pentyl-3-methylimidazolium bis(trifluoromethanesulfonyl) amide 79.57 79.68 −0.11 −0.14
1-Pentyl-3-methylimidazolium hexafluorophosphate 56.11 56.19 −0.08 −0.14

1-Pentyl-3-methylimidazolium tetrafluoroborate 52.25 52.46 −0.21 −0.40
1-Pentylpyridinium dicyanamide 63.44 63.44 0.00 0.00

1-Phenyl-2,3,5-trimethylpyrazolium methylsulfonate 68.77 69.35 −0.58 −0.84
1-Phenyl-2-butyl-3,5-dimethylpyrazolium methylsulfonate 82.67 82.93 −0.26 −0.31

1-Phenyl-2-heptyl-3,5-dimethylpyrazolium methylsulfonate 97.61 96.82 0.79 0.81
1-Phenyl-2-hexyl-3,5-dimethylpyrazolium methylsulfonate 92.64 92.19 0.45 0.49
1-Phenyl-2-pentyl-3,5-dimethylpyrazolium methylsulfonate 87.17 87.56 −0.39 −0.45

1-Propyl-3-methylimidazolium acetate 49.37 49.28 0.09 0.18
1-Propyl-3-methylimidazolium bis(trifluoromethanesulfonyl) amide 70.48 70.42 0.06 0.09

1-Propyl-3-methylimidazolium tetrafluoroborate 43.09 43.20 −0.11 −0.26
1-Propylpyridinium dicyanamide 54.24 54.18 0.06 0.11

1-Propylpyridinium tetrafluoroborate 44.35 44.40 −0.05 −0.11
1-Propyronitrile-3-butylimidazolium bromide 62.60 62.36 0.24 0.38
1-Propyronitrile-3-hexylimidazolium bromide 71.74 71.62 0.12 0.17
1-Propyronitrile-3-octylimidazolium bromide 80.51 80.88 −0.37 −0.46

2-Hydroxyethylammonium acetate 29.31 28.99 0.32 1.09
2-hydroxyethylammonium butanoate 38.53 38.25 0.28 0.73
2-Hydroxyethylammonium formate 24.85 24.70 0.15 0.60

2-Hydroxyethylammonium hexanoate 47.80 47.51 0.29 0.61
2-Hydroxyethylammonium lactate 34.69 35.04 −0.35 −1.01

2-Hydroxyethylammonium pentanoate 43.12 42.88 0.24 0.56
2-Hydroxyethylammonium propionate 33.29 33.62 −0.33 −0.99

3-Methyl-1-propylpyridinium bis(trifluoromethylsulfonyl)amide 76.40 76.43 −0.03 −0.04
Bis(2-hydroxyethyl)ammonium hexanoate 58.49 58.34 0.15 0.26

Butylammonium nitrate 33.34 33.37 −0.03 −0.09
Dimethyl butyl isopropylammonium

bis(trifluoromethylsulfonyl)amide 78.81 79.06 −0.25 −0.32

Dimethyl hexyl isopropylammonium
bis(trifluoromethylsulfonyl)amide 89.14 88.32 0.82 0.92

Dimethylpropylisopropylammonium
bis(trifluoromethylsulfonyl)amide 73.56 74.43 −0.87 −1.18

Ethylammonium nitrate 24.14 24.11 0.03 0.12
L-Alanine 1-methylethyl ester dodecyl sulfate 102.88 103.30 −0.42 −0.41

L-Alanine 2-methylpropyl ester dodecyl sulfate 107.40 107.88 −0.48 −0.45
L-Proline 1-methylethyl ester dodecyl sulfate 110.32 110.58 −0.26 −0.24
L-Valine 1-methylethyl ester dodecyl sulfate 112.65 112.52 0.13 0.12

Morpholinium formate 32.20 32.26 −0.06 −0.19
N-(2′,3′-Epoxypropyl)-N-methylpyrrolidonium acetate 55.50 54.46 1.04 1.87

N-Butyl-3-methylpyridinium bis(trifluoromethylsulfonyl)amide 80.49 81.06 −0.57 −0.71
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Table 4. Cont.

Molecule Name Refractivity Exp. Refractivity Calc. Deviation Dev. in %

N-Butyl-3-methylpyridinium trifluoromethanesulfonate 64.26 64.25 0.01 0.02
N-Butyl-4-methylthiazolium bis(trifluoromethylsulfonyl) amide 78.68 79.25 −0.57 −0.72

N-Butyl-4-methylthiazolium difluoro(oxalato)borate 63.24 63.32 −0.08 −0.13
N-Butyl-N-methylmorpholinium N-acetylalaninate 74.32 74.63 −0.31 −0.42
N-Butyl-N-methylmorpholinium N-acetylleucinate 88.43 88.48 −0.05 −0.06
N-Butyl-N-methylmorpholinium N-acetylvalinate 83.98 83.85 0.13 0.15

N-Butylpyridinium bis(trifluoromethanesulfonyl) amide 76.22 76.25 −0.03 −0.04
N-Butylpyridinium triflate 59.25 59.44 −0.19 −0.32

N-Butylpyridinium trifluoroacetate 54.87 55.39 −0.52 −0.95
N-Butylthiazolium bis(trifluoromethylsulfonyl) amide 73.89 74.63 −0.74 −1.00

N-Butylthiazolium difluoro(oxalato)borate 58.43 58.70 −0.27 −0.46
N-Decylpyridinium bis(trifluoromethanesulfonyl) amide 104.52 104.03 0.49 0.47

N-Dodecylpyridinium bis(trifluoromethanesulfonyl) amide 113.68 113.29 0.39 0.34
N-Ethyl-2-methylpyridinium bis(trifluoromethylsulfonyl)amide 71.54 71.54 0.00 0.00

N-Ethylmorpholinium formate 41.07 41.68 −0.61 −1.49
N-Ethyl-N-methylmorpholinium N-acetylalaninate 65.23 65.37 −0.14 −0.21

N-Ethyl-N-methylmorpholinium N-acetylisoleucinate 78.62 79.22 −0.60 −0.76
N-Ethyl-N-methylmorpholinium N-acetylleucinate 78.65 79.22 −0.57 −0.72
N-Ethyl-N-methylmorpholinium N-acetylvalinate 74.01 74.59 −0.58 −0.78

N-Hexyl-N-methylmorpholinium N-acetylalaninate 83.42 83.89 −0.47 −0.56
N-Hexyl-N-methylmorpholinium N-acetylleucinate 97.24 97.74 −0.50 −0.51
N-Hexyl-N-methylmorpholinium N-acetylvalinate 92.26 93.11 −0.85 −0.92

N-Isobutyl-3-sulfopropan-1-aminium hydrogen sulfate 62.85 62.71 0.14 0.22
N-Methyl-N-(2,3-dihydroxypropyl)pyrrolidinium

bis(trifluoromethanesulfonyl) amide 74.88 75.07 −0.19 −0.25

N-Octyl-N-methylmorpholinium N-acetylalaninate 92.82 93.15 −0.33 −0.36
N-Octyl-N-methylmorpholinium N-acetylvalinate 102.12 102.37 −0.25 −0.24

N-Propyl-2-methylpyridinium bis(trifluoromethylsulfonyl)amide 76.28 76.17 0.11 0.14
N-Propyl-N-methylmorpholinium N-acetylalaninate 69.57 70.00 −0.43 −0.62
N-Propyl-N-methylmorpholinium N-acetylleucinate 83.88 83.85 0.03 0.04
N-Propyl-N-methylmorpholinium N-acetylvalinate 79.02 79.22 −0.20 −0.25

Propylammonium nitrate 28.78 28.74 0.04 0.14
S-Butyl-dimethylthioformamidium bis(trifluoromethylsulfonyl) amide 79.26 79.02 0.24 0.30

S-Butyl-dimethylthioformamidium difluorooxalylborate 63.42 63.09 0.33 0.52
S-Ethyl-dimethylthioformamidium bis(trifluoromethylsulfonyl) amide 69.84 69.76 0.08 0.11

S-Ethyl-dimethylthioformamidium difluorooxalylborate 53.86 53.83 0.03 0.06
S-Ethyl-dimethylthioformamidium trifluoromethylsulfonate 53.62 52.95 0.67 1.25

S-Methyl-dimethylthioformamidium
bis(trifluoromethylsulfonyl) amide 64.95 64.92 0.03 0.05

S-Methyl-dimethylthioformamidium trifluoromethylsulfonate 48.32 48.11 0.21 0.43
Tetrabutylphosphonium acetate 97.22 97.33 −0.11 −0.11
Tetrabutylphosphonium formate 93.57 93.04 0.53 0.57

Tetrabutylphosphonium propanoate 102.16 101.96 0.20 0.20
Tetradecyl trihexylphosphonium bis(trifluoromethylsulfonyl)amide 192.57 192.55 0.02 0.01

Tetradecyl trihexylphosphonium chloride 166.32 166.74 −0.42 −0.25
Tributylmethylammonium bis(trifluoromethylsulfonyl)amide 97.59 97.53 0.06 0.06

Triethylammonium acetate 46.76 46.42 0.34 0.73
Triethyldecylammonium bis(trifluoromethylsulfonyl) amide 111.38 111.11 0.27 0.24

Triethyldodecylammonium bis(trifluoromethylsulfonyl) amide 120.72 120.37 0.35 0.29
Triethylheptylammonium bis(trifluoromethylsulfonyl) amide 97.05 97.22 −0.17 −0.18
Triethylhexylammonium bis(trifluoromethylsulfonyl) amide 92.72 92.59 0.13 0.14
Triethyloctylammonium bis(trifluoromethylsulfonyl) amide 101.96 101.85 0.11 0.11

Triethylsulfonium bis(trifluoromethylsulfonyl) amide 70.04 70.13 −0.09 −0.13
Triethyltetradecylammonium bis(trifluoromethylsulfonyl) amide 129.84 129.63 0.21 0.16

Trihexyl tetradecyl phosphonium dicyanamide 174.84 175.11 −0.27 −0.15
Trihexyl tetradecyl phosphonium trifluoromethylsulfonate 175.69 175.74 −0.05 −0.03

Trimethyl butylammonium bis(trifluoromethylsulfonyl)amide 70.29 70.37 −0.08 −0.11
Trimethyl hexylammonium bis(trifluoromethylsulfonyl)amide 79.64 79.63 0.01 0.01
Trimethyl octylammonium bis(trifluoromethylsulfonyl)amide 88.97 88.89 0.08 0.09

Trimethyl pentylammonium bis(trifluoromethylsulfonyl)amide 75.01 75.00 0.01 0.01
Trimethyl propylammonium bis(trifluoromethylsulfonyl)amide 65.65 65.74 −0.09 −0.14

4.1.2. Silanes, Silanols, Siloxanes, Silazanes, and Silicates

Silicon-containing compounds have found use in synthetic processes as intermedi-
ates as well as in commercial products, e.g., in detergents, cosmetics, deodorants, soaps,
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as water-resistant coatings, as defoaming agents, or as coolants. Despite the large va-
riety of applications, the number of physico-chemical data for this class of molecules
is fairly limited within the chemical realm. Nevertheless, a thorough scan of the liter-
ature of the last ca. 80 years delivered a sufficient number of data to enable the cre-
ation of a basis for the prediction of several chemical descriptors of interest based on the
present atom group additivity principle. Accordingly, in analogy to the previous section,
the updated parameters tables provided the group parameters for the heat of combus-
tion [397], enabling its calculation for 99 silicon compounds with a correlation coefficient
R2 of 1.0, a MAPD of 0.19% and a σ of 17.67 kJ/mol, for the heat of vaporization [398]
for 106 (R2 = 0.7936, MAPD = 10.91%, σ = 6.17 kJ/mol), for the surface tension [399] of 18
(R2 = 0.9835, MAPD = 2.62%, σ = 0.66 dyn/cm), for the liquid heat capacity at 298 K [400]
of 26 (R2 = 0.9981, MAPD = 2.32%, σ = 9.02 J/mol/K), for the solid heat capacity at
298 K [400] of 14 (R2 = 0.9925, MAPD = 2.77%, σ = 18.35 J/mol/K), for the standard en-
tropy of fusion [398] of 45 (R2 = 0.7251, MAPD = 15.09%, σ = 15.56 J/mol/K), and even
for the vapor pressure at 298 K [401] of 9 silicon compounds (R2 = 0.9897, MAPD = 7.92%,
σ = 0.16). In addition to these descriptors, the present work now provides the refractivity
data for 351 silicon derivatives, alphabetically sampled in Table 5. They prove the reliability
of the calculated values with a MAPD of only 0.39% and a standard deviation σ of 0.31,
compared with their experimental values. Analogously, when used as test samples in the
cv calculations, 324 of these silicon compounds yielded a MAPD of 0.47% and a σ of 0.37.

Table 5. Calculated and experimental refractivity of silicon-containing compounds.

Molecule Name Refractivity Exp. Refractivity Calc. Deviation Dev. in %

(2-Phenylethyl)trichlorosilane 58.62 58.57 0.05 0.09
(3-Chloropropyl)trichlorosilane 43.26 43.44 −0.18 −0.42

(3-Chloropropyl)trimethoxysilane 46.53 46.62 −0.09 −0.19
(3-Chloropropyl)trimethylsilane 44.47 44.33 0.14 0.31

(4-Bromophenoxy)trimethylsilane 58.55 58.44 0.11 0.19
(4-Chlorophenyl)trichlorosilane 55.04 54.14 0.90 1.64

(4-Methoxyphenyl)trimethylsilane 56.94 56.73 0.21 0.37
(4-Methylphenyl)trimethylsilane 54.82 55.02 −0.20 −0.36

(Bromomethyl)chlorodimethylsilane 37.57 37.57 0.00 0.00
(Bromomethyl)trimethylsilane 38.09 38.08 0.01 0.03
(Chloromethyl)trichlorosilane 34.10 34.12 −0.02 −0.06
(Chloromethyl)trimethylsilane 35.13 35.01 0.12 0.34
(Dichloromethyl)trichlorosilane 39.36 39.06 0.30 0.76
(Diethylamino)trimethylsilane 47.33 47.09 0.24 0.51

1,1,1,3,5,5,5-Heptamethyltrisiloxane 63.17 63.24 −0.07 −0.11
1,1,1,3,5,7,7,7-Octamethyltetrasiloxane 77.46 77.53 −0.07 −0.09

1,1,3,3-Tetramethyl-1,3-diphenyldisiloxane 88.87 88.71 0.16 0.18
1,1,3,3-Tetramethyldisiloxane 40.19 40.23 −0.04 −0.10
1,2-Bis(tributylsilyl)acetylene 138.06 138.22 −0.16 −0.12

1,2-Bis(triethylsilyl)ethane 85.59 85.82 −0.23 −0.27
1,2-Bis(trimethylsilyl)acetylene 55.18 55.24 −0.06 −0.11
1,2-Dis(trimethylsilyl)-ethylene 58.50 58.06 0.44 0.75

1,3,5-Trisilacyclohexane 43.69 43.44 0.25 0.57
1,3-Bis(bromomethyl)tetramethyldisiloxane 64.41 64.45 −0.04 −0.06
1,3-Bis(chloromethyl)tetramethyldisiloxane 58.30 58.31 −0.01 −0.02

1,3-Bis(dichloromethyl)tetramethyldisiloxane 68.07 68.19 −0.12 −0.18
1,3-Bis(trimethylsiloxy)benzene 75.39 75.18 0.21 0.28

1,3-Divinyl-1,1,3,3-tetramethyldisiloxane 57.23 57.33 −0.10 −0.17
1-Heptyltrifluorosilane 41.32 41.07 0.25 0.61

2,2,4,4,6,6-Hexamethylcyclotrisilazane 63.90 63.78 0.12 0.19
2,4,6,8,10,12-Hexamethylcyclohexasiloxane 85.86 85.74 0.12 0.14

2,4,6,8-Tetramethylcyclotetrasiloxane 57.13 57.16 −0.03 −0.05
2,4,6-Trimethyl-2,4,6-triphenylcyclotrisiloxane 115.86 115.59 0.27 0.23
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Table 5. Cont.

Molecule Name Refractivity Exp. Refractivity Calc. Deviation Dev. in %

2-Butylsilane 31.02 31.09 −0.07 −0.23
2-Pentyloxytrimethylsilane 49.75 49.57 0.18 0.36

2-Silylpentasilane 73.17 73.09 0.08 0.11
2-Silyltetrasilane 61.12 61.05 0.07 0.11

2-Silyltrisilane 48.88 49.01 −0.13 −0.27
3-(Triethoxysilyl)-1-propanamine 59.24 59.23 0.01 0.02

3-(Trimethylsilyl)-1-propanol 41.55 40.94 0.61 1.47
3-Mercaptopropyl-trimethoxysilane 49.46 49.49 −0.03 −0.06

4-Bromophenyltrimethylsilane 57.19 57.80 −0.61 −1.07
4-Chlorophenoxytriethylsilane 69.66 69.38 0.28 0.40
4-Fluorophenyltrimethylsilane 50.34 50.11 0.23 0.46

4-Trifluoromethylphenyltrimethylsilane 54.63 55.30 −0.67 −1.23
4-Trimethylsiloxyphenyltrimethylsilane 74.63 74.54 0.09 0.12

Allylchlorodimethylsilane 37.98 38.71 −0.73 −1.92
Allylmethyldichlorosilane 38.14 38.50 −0.36 −0.94

Allyltrichlorosilane 38.97 38.33 0.64 1.64
Allyltriethoxysilane 55.73 55.49 0.24 0.43
Allyltrimethylsilane 39.14 39.22 −0.08 −0.20

Amylsilane 35.64 35.67 −0.03 −0.08
Benzyltrimethylsilane 55.11 54.83 0.28 0.51

Bis(butylthio) 2-(diethylmethylsilyl)ethyl borane 101.77 102.28 −0.51 −0.50
Bis(diethyl)disiloxane 58.54 58.51 0.03 0.05

Bis(diethylmethylsilyl)amine 69.24 69.58 −0.34 −0.49
Bis(diethylsilyl)amine 61.40 61.24 0.16 0.26

Bis(dimethylamino)bis(diethylamino)silane 79.50 79.36 0.14 0.18
Bis(dimethylphenylsilyl)amine 91.08 91.06 0.02 0.02
Bis(ethyldimethylsilyl)amine 61.01 60.44 0.57 0.93
Bis(ethylisobutyl)disiloxane 76.95 76.95 0.00 0.00
Bis(ethylphenyl)disiloxane 88.84 89.13 −0.29 −0.33
Bis(trichlorosilyl)methane 51.08 51.72 −0.64 −1.25

Bis(triethylsilyl)amine 78.33 78.72 −0.39 −0.50
Bis(trihexylsilyl)acetylene 193.90 193.78 0.12 0.06
Bis(trimethoxysilyl)amine 56.30 56.38 −0.08 −0.14

Bis(trimethoxysilylamino)dimethylsilane 77.61 77.64 −0.03 −0.04
Bis(trimethylsilylamino)dimethylsilane 71.81 72.56 −0.75 −1.04

Bromotriethylsilane 46.44 46.60 −0.16 −0.34
Bromotrimethylsilane 32.92 32.89 0.03 0.09
Butoxytrimethylsilane 44.88 44.93 −0.05 −0.11

Butylsilane 30.90 31.04 −0.14 −0.45
Butyltrichlorosilane 43.18 43.27 −0.09 −0.21

Butyltriisothiocyanatosilane 73.92 73.73 0.19 0.26
Chloro(chloromethyl)dimethylsilane 34.43 34.50 −0.07 −0.20

Chloro(dichloromethyl)dimethylsilane 39.39 39.44 −0.05 −0.13
Chlorodiethylsilane 34.92 34.70 0.22 0.63

Chlorodimethylphenylsilane 49.33 49.70 −0.37 −0.75
Chlorodimethylsilane 25.90 25.56 0.34 1.31

Chloroethyldimethylsilane 35.15 34.39 0.76 2.16
Chloromethylphenylsilane 45.46 45.44 0.02 0.04

Chlorotriethylsilane 43.54 43.53 0.01 0.02
Chlorotrimethylsilane 29.88 29.82 0.06 0.20

Chlorovinyldimethylsilane 34.49 34.01 0.48 1.39
cis-1,2-Bis(trimethylsilyl)-3,3-dichlorocyclopropane 71.37 70.62 0.75 1.05

cis-1,2-Dis(trimethylsilyl)-ethylene 57.88 58.06 −0.18 −0.31
Cyclohexyloxytrimethylsilane 52.12 52.06 0.06 0.12

Cyclohexyltrifluorosilane 34.26 34.35 −0.09 −0.26
Decamethylcyclopentasiloxane 93.33 93.25 0.08 0.09

Decamethyltetrasiloxane 86.18 86.25 −0.07 −0.08
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Molecule Name Refractivity Exp. Refractivity Calc. Deviation Dev. in %

Decyldiphenylnonylsilane 148.69 148.68 0.01 0.01
Decyldiphenylsilane 106.74 107.04 −0.30 −0.28

Decyloxytrimethylsilane 72.71 72.71 0.00 0.00
Di(cyclohexyloxy)dimethylsilane 74.01 73.82 0.19 0.26

Diallyldimethylsilane 48.34 48.11 0.23 0.48
Diamylsilane 58.60 58.56 0.04 0.07

Dibutyldiisothiocyanatosilane 77.77 77.84 −0.07 −0.09
Dibutyldinonylsilane 131.54 131.95 −0.41 −0.31

Dibutylmethylsilyl bromide 60.64 60.55 0.09 0.15
Dibutylnonylsilane 90.16 90.31 −0.15 −0.17

Dibutylsilane 49.39 49.30 0.09 0.18
Dichloro(chloromethyl)methylsilane 34.17 34.29 −0.12 −0.35

Dichloro(dichloromethyl)methylsilane 39.13 39.23 −0.10 −0.26
Dichlorodiethylsilane 38.71 38.75 −0.04 −0.10

Dichlorodimethylsilane 29.65 29.61 0.04 0.13
Dichlorodiphenylsilane 69.99 69.37 0.62 0.89

Dichloromethylphenylsilane 48.81 49.49 −0.68 −1.39
Dicosamethyldecasiloxane 197.51 198.15 −0.64 −0.32

Didecyldiphenylsilane 153.40 153.31 0.09 0.06
Diethoxydimethylsilane 40.99 41.04 −0.05 −0.12
Diethoxydiphenylsilane 81.07 80.80 0.27 0.33

Diethoxymethylphenylsilane 60.85 60.92 −0.07 −0.12
Diethoxymethylsilane 36.84 36.68 0.16 0.43

Diethyl 2,2-diethylhydrazinosilane 55.43 55.86 −0.43 −0.78
Diethyl 2,2-dimethylhydrazinosilane 46.39 46.68 −0.29 −0.63

Diethyl bis(2,2-diethylhydrazino)silane 81.18 80.88 0.30 0.37
Diethyl bis(2,2-dimethylhydrazino)silane 62.47 62.52 −0.05 −0.08

Diethyl diethylaminosilane 52.34 52.06 0.28 0.53
Diethyldifluorosilane 27.74 27.83 −0.09 −0.32

Diethyldiisothiocyanatosilane 59.55 59.32 0.23 0.39
Diethylmethylchlorosilane 38.62 38.96 −0.34 −0.88

Diethylmethylsilanol 35.43 35.61 −0.18 −0.51
Diethylnonylsilane 71.60 71.79 −0.19 −0.27
Diethyloctylsilane 67.23 67.16 0.07 0.10

Diethylphenyl 1-isopropoxyethoxysilane 80.26 80.12 0.14 0.17
Diethylsilane 30.71 30.78 −0.07 −0.23
Diethylsilanol 31.62 31.25 0.37 1.17

Difluorodiphenylsilane 58.69 58.45 0.24 0.41
Dimethoxydiphenylsilane 71.70 71.48 0.22 0.31

Dimethyl bis(2,2-diethylhydrazino)silane 71.55 71.74 −0.19 −0.27
Dimethyl bis(2,2-dimethylhydrazino)silane 53.54 53.38 0.16 0.30

Dimethyl bis(2-chloropropoxy)silane 59.83 59.82 0.01 0.02
Dimethyldi(2-ethylbutoxy)silane 78.27 78.00 0.27 0.34

Dimethyldi(2-octyloxy)silane 96.44 96.62 −0.18 −0.19
Dimethyldi-2-butoxysilane 59.68 59.58 0.10 0.17

Dimethyldi-2-pentoxysilane 68.61 68.84 −0.23 −0.34
Dimethyldiacetoxysilane 40.81 40.82 −0.01 −0.02
Dimethyldibutoxysilane 59.63 59.56 0.07 0.12

Dimethyldidodecyloxysilane 133.43 133.64 −0.21 −0.16
Dimethyldiheptoxysilane 87.25 87.34 −0.09 −0.10
Dimethyldihexoxysilane 77.46 78.08 −0.62 −0.80

Dimethyldiisopropoxysilane 49.53 50.32 −0.79 −1.59
Dimethyldiisothiocyanatosilane 49.92 50.18 −0.26 −0.52

Dimethyldimethoxysilane 31.51 31.72 −0.21 −0.67
Dimethyldinonyloxysilane 105.67 105.86 −0.19 −0.18

Dimethyldioctoxysilane 96.50 96.60 −0.10 −0.10
Dimethyldipentoxysilane 68.38 68.82 −0.44 −0.64
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Dimethyldiphenoxysilane 71.56 71.40 0.16 0.22
Dimethyldiphenylsilane 70.04 70.09 −0.05 −0.07

Dimethyldipropoxysilane 50.94 50.30 0.64 1.26
Dimethylethylsilanol 30.79 31.04 −0.25 −0.81
Dimethylphenylsilane 45.04 45.55 −0.51 −1.13

Dimethylvinylethoxysilane 39.82 39.86 −0.04 −0.10
Dinonyldiphenylsilane 144.50 144.05 0.45 0.31
Diphenylmethylsilane 65.28 65.43 −0.15 −0.23

Diphenylmethylsilylamine 68.03 68.05 −0.02 −0.03
Diphenylnonylsilane 102.30 102.41 −0.11 −0.11

Diphenylsilane 61.53 61.40 0.13 0.21
Dipropyldifluorosilane 37.24 37.09 0.15 0.40

Dipropylsilane 40.08 40.04 0.04 0.10
Disilanomethane 27.16 27.26 −0.10 −0.37

Dodecamethylcyclohexasiloxane 111.89 111.90 −0.01 −0.01
Dodecamethylpentasiloxane 104.79 104.90 −0.11 −0.10
Eicosamethylnonasiloxane 179.30 179.50 −0.20 −0.11

Ethoxytriethylsilane 49.10 49.38 −0.28 −0.57
Ethoxytrihexylsilane 105.58 104.94 0.64 0.61

Ethoxytrimethylsilane 35.67 35.67 0.00 0.00
Ethyl bis(2,2-diethylhydrazino)silane 71.76 71.89 −0.13 −0.18

Ethyl bis(2,2-dimethylhydrazino)silane 53.67 53.53 0.14 0.26
Ethyl bis(2-chloropropoxy)silane 59.73 60.03 −0.30 −0.50

Ethyl bis(diethylamino)silane 64.26 64.29 −0.03 −0.05
Ethyl isobutyl 2-chloropropoxysilane 59.24 59.06 0.18 0.30
Ethyl tris(2,2-diethylhydrazino)silane 96.93 96.81 0.12 0.12

Ethylaminotriethylsilane 51.46 51.36 0.10 0.19
Ethylcyclohexyldifluorosilane 44.31 44.26 0.05 0.11

Ethyldibutoxysilane 59.63 59.77 −0.14 −0.23
Ethyldimethyl 1-(3-pentoxy)ethoxysilane 64.89 64.93 −0.04 −0.06

Ethylisobutylsilanol 40.40 40.47 −0.07 −0.17
Ethylphenylchlorosilane 49.44 50.01 −0.57 −1.15

Ethyltributoxysilane 78.67 78.95 −0.28 −0.36
Ethyltrichlorosilane 33.83 34.01 −0.18 −0.53
Ethyltriethoxysilane 51.50 51.17 0.33 0.64

Ethyltriisothiocyanatosilane 64.17 64.47 −0.30 −0.47
Ethyltrimethoxysilane 37.01 37.19 −0.18 −0.49

Fluoroethyldiisopropylsilane 47.71 47.87 −0.16 −0.34
Fluorotributylsilane 66.71 66.29 0.42 0.63
Fluorotriethylsilane 38.10 38.51 −0.41 −1.08

Fluorotripentylsilane 80.30 80.18 0.12 0.15
Fluorotripropylsilane 52.33 52.40 −0.07 −0.13

Heptasilane 84.77 84.84 −0.07 −0.08
Heptyloxytrimethylsilane 58.80 58.82 −0.02 −0.03

Hexadecamethylheptasiloxane 142.31 142.20 0.11 0.08
Hexaethyldisiloxane 75.92 76.37 −0.45 −0.59
Hexamethyldisilane 51.42 51.36 0.06 0.12

Hexamethyldisiloxane 48.94 48.95 −0.01 −0.02
Hexapropyldisiloxane 104.05 104.15 −0.10 −0.10

Hexasilane 72.78 72.80 −0.02 −0.03
Hexyloxytrimethylsilane 54.16 54.19 −0.03 −0.06

Hexylsilane 40.34 40.30 0.04 0.10
HMDS 51.55 51.30 0.25 0.48

iso-Butylsilane 31.05 31.00 0.05 0.16
Isopentyloxytrimethylsilane 49.54 49.52 0.02 0.04

Isopropylmethylsilane 30.66 30.89 −0.23 −0.75
Isopropyltriisothiocyanatosilane 69.52 69.15 0.37 0.53
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Isopropyltrimethylsilane 38.47 39.58 −1.11 −2.89
Methoxytriethylsilane 44.49 44.72 −0.23 −0.52

Methoxytrimethylsilane 30.80 31.01 −0.21 −0.68
Methoxytripropylsilane 58.64 58.61 0.03 0.05

Methyl bis(2,2-diethylhydrazino)silane 67.18 67.32 −0.14 −0.21
Methyl bis(2,2-dimethylhydrazino)silane 48.80 48.96 −0.16 −0.33

Methyl bis(2-chloropropoxy)silane 55.37 55.46 −0.09 −0.16
Methyl bis(diethylamino)silane 59.99 59.72 0.27 0.45

Methyl tris(2,2-diethylhydrazino)silane 92.26 92.24 0.02 0.02
Methylcyclohexyldifluorosilane 39.68 39.69 −0.01 −0.03

Methyldibutoxysilane 54.87 55.20 −0.33 −0.60
Methyldichloro-2-(2,4-dichlorophenoxy)ethylsilane 70.31 70.12 0.19 0.27

Methyldichloro-2-(4-chlorophenoxy)ethylsilane 65.49 65.30 0.19 0.29
Methyldichloro-2,4-dichlorophenoxysilane 60.94 60.20 0.74 1.21

Methyldichloro-2-butoxyethylsilane 55.11 54.39 0.72 1.31
Methyldichloro-2-isobutoxyethylsilane 54.52 54.35 0.17 0.31
Methyldichloro-2-phenoxyethylsilane 60.39 60.48 −0.09 −0.15

Methyldichloro-4-chlorophenoxysilane 55.08 55.38 −0.30 −0.54
Methyldichlorobutoxysilane 44.66 44.64 0.02 0.04

Methyldichlorophenoxysilane 50.14 50.56 −0.42 −0.84
Methyldiethyl-2-phenoxyethylsilane 70.07 70.34 −0.27 −0.39

Methyldiethylphenoxysilane 60.29 59.99 0.30 0.50
Methylnonylphenylsilane 82.90 82.53 0.37 0.45
Methyloctylphenylsilane 78.18 77.90 0.28 0.36

Methylphenyldifluorosilane 38.26 38.57 −0.31 −0.81
Methylphenylsilane 40.82 41.52 −0.70 −1.71
Methylpropylsilane 30.73 30.84 −0.11 −0.36

Methylsilanetriol triacetate 46.27 46.27 0.00 0.00
Methyltri(2-octyloxy)silane 129.85 129.97 −0.12 −0.09

Methyltributoxysilane 74.39 74.38 0.01 0.01
Methyltrichlorosilane 29.13 29.44 −0.31 −1.06

Methyltriheptyloxysilane 116.01 116.05 −0.04 −0.03
Methyltrihexyloxysilane 102.11 102.16 −0.05 −0.05

Methyltriisopentyloxysilane 88.26 88.15 0.11 0.12
Methyltripentyloxysilane 88.20 88.27 −0.07 −0.08
Methyltriphenoxysilane 91.85 92.14 −0.29 −0.32

Methylvinyldichlorosilane 33.33 33.80 −0.47 −1.41
N-(1,1-Dimethylpropyl)aminotriethylsilane 64.79 65.18 −0.39 −0.60

N-(3-(Trimethoxysilyl)propyl)-1,2-ethanediamine 58.21 57.88 0.33 0.57
N,N-Dibutylaminotriethylsilane 78.65 79.32 −0.67 −0.85
N,N-Diethylaminotriethylsilane 60.99 60.80 0.19 0.31

N,N-Diisobutylaminotriethylsilane 78.67 79.24 −0.57 −0.72
N-Fenchylaminotriethylsilane 83.74 83.97 −0.23 −0.27

N-Isopropylaminotriethylsilane 56.05 55.92 0.13 0.23
Nonyloxytrimethylsilane 68.07 68.08 −0.01 −0.01

N-Propylaminotriethylsilane 56.11 55.99 0.12 0.21
N-t-Butylaminotriethylsilane 60.63 60.55 0.08 0.13
Octadecamethyloctasiloxane 160.19 160.85 −0.66 −0.41

Octadecyltrichlorosilane 108.02 108.09 −0.07 −0.06
Octamethylcyclotetrasiloxane 74.68 74.60 0.08 0.11

Octamethyltrisiloxane 67.44 67.60 −0.16 −0.24
Octyloxytrimethylsilane 63.43 63.45 −0.02 −0.03

Pentasilane 60.80 60.76 0.04 0.07
Pentyloxytrimethylsilane 49.52 49.56 −0.04 −0.08

Pentyltrichlorosilane 48.79 47.90 0.89 1.82
Phenoxytriethylsilane 64.47 64.56 −0.09 −0.14

Phenoxytrimethylsilane 51.17 50.85 0.32 0.63
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Phenoxytripropylsilane 78.41 78.45 −0.04 −0.05
Phenylsilane 37.44 37.09 0.35 0.93

Phenyltri(2-octyloxy)silane 149.82 149.85 −0.03 −0.02
Phenyltri(cyclohexyloxy)silane 115.70 115.65 0.05 0.04

Phenyltrichlorosilane 48.92 49.32 −0.40 −0.82
Phenyltrifluorosilane 33.09 33.23 −0.14 −0.42

Phenyltriisopentyloxysilane 108.25 108.03 0.22 0.20
Phenyltrimethylsilane 49.88 50.21 −0.33 −0.66
Propyltrichlorosilane 38.46 38.64 −0.18 −0.47

Propyltriisothiocyanatosilane 68.69 69.10 −0.41 −0.60
t-Butoxytriethylsilane 58.54 58.59 −0.05 −0.09

t-Butoxytrimethylsilane 44.98 44.88 0.10 0.22
t-Butoxytripropylsilane 72.68 72.48 0.20 0.28

Tetra(1H,1H,3H-perfluoropropyl)silicate 72.19 72.10 0.09 0.12
Tetra(1H,1H,5H-perfluoropentyl)silicate 111.97 112.18 −0.21 −0.19

Tetra(2-ethylbutyl) silicate 125.53 126.42 −0.89 −0.71
Tetra(diethylamino)silane 97.33 97.72 −0.39 −0.40

Tetra(dimethylamino)silane 61.29 61.00 0.29 0.47
Tetra-2-butoxysilane 90.48 89.58 0.90 0.99

Tetra-2-methyl-1-propoxysilane 88.88 89.38 −0.50 −0.56
Tetra-2-pentoxysilane 108.98 108.10 0.88 0.81

Tetra-3-methyl-1-butoxysilane 107.23 107.90 −0.67 −0.62
Tetrabutoxysilane 88.88 89.54 −0.66 −0.74

Tetracosamethylhendecasiloxane 217.25 216.80 0.45 0.21
Tetradecamethylcycloheptasiloxane 130.84 130.55 0.29 0.22

Tetradecamethylhexasiloxane 123.45 123.55 −0.10 −0.08
Tetraethoxysilane 53.33 52.50 0.83 1.56
Tetraethylsilane 48.37 48.61 −0.24 −0.50

Tetrahexoxysilane 127.50 126.58 0.92 0.72
Tetraisobutylsilane 86.00 85.49 0.51 0.59

Tetraisopropoxysilane 70.82 71.06 −0.24 −0.34
Tetraisopropylsilane 66.92 67.33 −0.41 −0.61

Tetramethylsilane 29.95 30.33 −0.38 −1.27
Tetramethyltetraphenylcyclotetrasiloxane 154.31 154.12 0.19 0.12

Tetramethyoxysilane 33.51 33.86 −0.35 −1.04
Tetraoctoxysilane 163.90 163.62 0.28 0.17

Tetrapentoxysilane 107.38 108.06 −0.68 −0.63
Tetrapropoxysilane 70.65 71.02 −0.37 −0.52

Tetrasilane 48.89 48.72 0.17 0.35
Tetravinylsilane 46.88 47.09 −0.21 −0.45

trans-1,2-Bis(trimethylsilyl)-3,3-dichlorocyclopropane 71.02 70.62 0.40 0.56
Tributylisothiocyanatosilane 82.05 81.60 0.45 0.55

Tributylsilane 67.51 67.16 0.35 0.52
Tributylsilanol 67.79 67.96 −0.17 −0.25

Tributylsilylamine 69.61 69.78 −0.17 −0.24
Trichloro-2-phenoxyethylsilane 60.44 60.31 0.13 0.22

Trichlorovinylsilane 33.54 33.63 −0.09 −0.27
Triethoxymethylsilane 46.50 46.60 −0.10 −0.22
Triethoxypentylsilane 64.96 65.06 −0.10 −0.15
Triethoxyphenylsilane 66.15 66.48 −0.33 −0.50

Triethyl 1-propoxyethoxysilane 65.15 64.80 0.35 0.54
Triethyl 2,2-diethylhydrazinosilane 64.50 64.60 −0.10 −0.16

Triethyl 2,2-dimethylhydrazinosilane 55.48 55.42 0.06 0.11
Triethylisothiocyanatosilane 53.85 53.82 0.03 0.06

Triethylsilane 39.60 39.38 0.22 0.56
Triethylsilanol 40.59 40.18 0.41 1.01

Triethylsilylamine 42.07 42.00 0.07 0.17
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Triethylsilyloxytripropylsilane 90.19 90.26 −0.07 −0.08
Triethyltriphenylcyclotrisiloxane 129.17 129.30 −0.13 −0.10

Triisopropoxyvinylsilane 65.03 64.71 0.32 0.49
Triisopropylethoxysilane 63.56 63.42 0.14 0.22
Triisopropylphenylsilane 77.50 77.96 −0.46 −0.59

Triisopropylsilane 53.57 53.42 0.15 0.28
Triisopropylsilyl chloride 57.72 57.57 0.15 0.26
Trimethoxymethylsilane 32.24 32.62 −0.38 −1.18
Trimethoxyphenylsilane 52.32 52.50 −0.18 −0.34

Trimethoxysilylamine 30.95 30.83 0.12 0.39
Trimethyl 1-ethoxyethoxysilane 46.52 46.46 0.06 0.13

Trimethyl 1-isopropoxyethoxysilane 51.15 51.10 0.05 0.10
Trimethyl 2,2-diethylhydrazinosilane 50.99 50.89 0.10 0.20

Trimethyl 2,2-dimethylhydrazinosilane 41.77 41.71 0.06 0.14
Trimethylisothiocyanatosilane 40.13 40.11 0.02 0.05

Trimethylsilanol 26.22 26.47 −0.25 −0.95
Trimethylsilylaminodimethylphenylsilane 71.09 71.18 −0.09 −0.13
Trimethylsilylaminodiphenylmethylsilane 91.05 91.06 −0.01 −0.01

Trimethylsilylaminotriethylsilane 65.00 65.01 −0.01 −0.02
Trimethylsilylaminotrimethoxysilane 53.70 53.84 −0.14 −0.26
Trimethylsilylaminotriphenylsilane 111.69 110.94 0.75 0.67

Trimethylsilyloxytriethylsilane 62.45 62.66 −0.21 −0.34
Trimethylsilyloxytripropylsilane 76.55 76.55 0.00 0.00

Trimethylvinylsilane 34.55 34.52 0.03 0.09
Tripentylsilane 81.54 81.05 0.49 0.60
Tripropylsilane 52.75 53.27 −0.52 −0.99

Tris(dimethylamino)dibutylaminosilane 88.58 88.70 −0.12 −0.14
Trisilane 36.61 36.68 −0.07 −0.19

Vinyl tris(2-chloropropoxy)silane 79.31 78.96 0.35 0.44
Vinyldiethoxymethylsilane 45.09 45.23 −0.14 −0.31

Vinyltriacetoxysilane 50.55 50.46 0.09 0.18
Vinyltriethoxysilane 50.75 50.79 −0.04 −0.08

Vinyltrimethoxysilane 36.41 36.81 −0.40 −1.10

4.1.3. Boranes, Borines, Borazines, Boronates, and Borates

In contrast to the prior two sections, boron-containing compounds are essentially im-
portant intermediates in chemical syntheses, and therefore experimental physico-chemical
data are scarce. The large number of refractivity data, on the other hand, is primarily
owed to the need to characterize the newly synthetized molecules by some easily accessible
physical data, such as elemental analysis, melting point, density, and refractive index. With
a few exceptions (e.g., Christopher et al. [80]) however, most authors have not shown any
interest in using the latter two values for the calculation of the molecules’ refractivity or
polarizability. The present collection of refractivity data for 137 boron compounds listed
in Table 6, although perhaps of merely academic interest, nevertheless confirms—by the
strong linearity over the complete set—the overall correctness of the experimental data and
at the same time proves the versatility of the present group additivity approach, revealing a
MAPD of just 0.46% and a σ of 0.37. Similarly, the test data of 127 of these boron derivatives,
when applied as test samples in the cv calculations, resulted in a MAPD of 0.54% and a σ

of 0.45.
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Table 6. Calculated and experimental refractivity of boron-containing compounds.

Molecule Name Refractivity Exp. Refractivity Calc. Deviation Dev. in %

1,2-Bis(dipentylborinoxy)ethane 116.12 116.10 0.02 0.02
1,3,5-Tributylborazine 79.59 79.86 −0.27 −0.34
1,3,5-Triethylborazine 52.48 52.08 0.40 0.76

1,3-Bis(dibutoxyboryl)propane 104.73 104.83 −0.10 −0.10
1,3-Bis(dichloroboryl)propane 44.12 44.25 −0.13 −0.29

1,3-Bis(dimethoxyboryl)propane 48.96 49.15 −0.19 −0.39
1,4-Bis(dichloroboryl)butane 48.79 48.88 −0.09 −0.18
1,4-Bis(diethoxyboryl)butane 73.12 72.42 0.70 0.96

1,5-Bis(diethoxyboryl)pentane 77.13 77.05 0.08 0.10
1,6-Bis(diethoxyboryl)hexane 81.81 81.68 0.13 0.16

2-Butoxy-2-bora-1,3-dioxacyclopentane 37.13 36.61 0.52 1.40
2-Tolyl 3-tolyl propoxyborine 82.11 81.86 0.25 0.30
2-Tolyl 4-tolyl propoxyborine 82.26 81.86 0.40 0.49

2-Tolyl dibutoxyborine 76.18 76.43 −0.25 −0.33
2-Tolyl diethoxyborine 57.69 57.91 −0.22 −0.38

2-Tolyl dimethoxyborine 48.14 48.59 −0.45 −0.93
2-Tolyl dipropoxyborine 66.97 67.17 −0.20 −0.30
3-Tolyl dibutoxyborine 76.48 76.43 0.05 0.07
3-Tolyl diethoxyborine 58.08 57.91 0.17 0.29

3-Tolyl dimethoxyborine 48.38 48.59 −0.21 −0.43
3-Tolyl dipropoxyborine 67.26 67.17 0.09 0.13
4-Tolyl dibutoxyborine 76.67 76.43 0.24 0.31
4-Tolyl diethoxyborine 58.04 57.91 0.13 0.22

4-Tolyl dimethoxyborine 48.49 48.59 −0.10 −0.21
4-Tolyl dipropoxyborine 67.42 67.17 0.25 0.37

Bis(2-tolyl)-N-ethylaminoborane 79.12 78.87 0.25 0.32
Bis(2-tolyl)-N-isobutylaminoborane 88.08 88.09 −0.01 −0.01
Bis(2-tolyl)-N-methylaminoborane 74.00 74.28 −0.28 −0.38

Bis(allylamino)borane 40.89 41.33 −0.44 −1.08
Bis(butylamino)borane 51.24 51.21 0.03 0.06

Bis(butylthio) 2-(diethylmethylsilyl)ethyl borane 101.77 102.28 −0.51 −0.50
Bis(butylthio) hexyl borane 88.58 88.16 0.42 0.47
Bis(butylthio) octyl borane 98.30 97.42 0.88 0.90

Bis(butylthio)borane 60.17 60.27 −0.10 −0.17
Bis(diallylamino)borane 67.84 68.71 −0.87 −1.28
Bis(diethylamino)borane 51.54 51.43 0.11 0.21

Bis(di-isoamylamino)borane 107.11 106.83 0.28 0.26
Bis(diisobutylamino)borane 88.26 88.31 −0.05 −0.06
Bis(ethylthio) butylborane 60.19 60.38 −0.19 −0.32

Bis(ethylthio) isobutylborane 60.30 60.34 −0.04 −0.07
Bis(ethylthio) isopropylborane 55.34 55.77 −0.43 −0.78

Bis(ethylthio) octyl borane 78.77 78.90 −0.13 −0.17
Bis(ethylthio) propylborane 55.66 55.75 −0.09 −0.16

Bis(ethylthio)borane 41.16 41.75 −0.59 −1.43
Bis(isobutyl) cyclohexylboronate 72.44 72.12 0.32 0.44

Bis(isopropylthio)borane 51.08 50.99 0.09 0.18
Bis(propylthio)borane 50.77 51.01 −0.24 −0.47
Bis(t-butylthio)borane 61.77 61.01 0.76 1.23

Bromo butylthio isopentylborane 64.00 63.96 0.04 0.06
Bromo ethylthio isopentylborane 54.51 54.70 −0.19 −0.35
Bromo ethylthio isopropylborane 45.04 45.50 −0.46 −1.02

Bromo ethylthio phenylborane 57.27 56.67 0.60 1.05
Butoxy chloro phenylborine 56.56 56.22 0.34 0.60
Butyl butoxy chloroborine 49.43 49.66 −0.23 −0.47

Butyl dibutoxyborine 64.87 65.06 −0.19 −0.29
Butylphenylboronic acid 50.06 50.81 −0.75 −1.50
Butylthiodiethylborane 52.20 52.20 0.00 0.00
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Chloro 2-octoxy phenylborine 74.42 74.75 −0.33 −0.44
Chloro di(1,2,2-trimethylpropoxy)borine 69.31 69.36 −0.05 −0.07

Chloro di(2-octoxy)borine 87.34 87.92 −0.58 −0.66
Chloro di(sec-butoxy)borine 50.69 50.88 −0.19 −0.37

Chloro dibutoxyborine 51.03 50.86 0.17 0.33
Chloro diisobutoxyborine 50.35 50.78 −0.43 −0.85

Chloro dineopentoxyborine 60.34 60.08 0.26 0.43
Chloro dioctoxyborine 88.29 87.90 0.39 0.44

Chloro dipropoxyborine 41.83 41.60 0.23 0.55
Cyclohexyldichloroborane 41.98 41.91 0.07 0.17

Dibutoxy 2-hydroxyethoxy borine 59.48 58.68 0.80 1.34
Dibutylboronic anhydride 86.44 87.19 −0.75 −0.87
Dibutylbutylaminoborane 65.68 65.39 0.29 0.44

Dibutylethylthioborane 61.49 61.46 0.03 0.05
Dibutylphenylaminoborane 72.53 72.57 −0.04 −0.06

Dibutylphenylthioborane 76.46 76.82 −0.36 −0.47
Dichloro 4-chlorobutoxyborine 40.73 40.65 0.08 0.20

Dichloro butoxyborine 36.03 35.85 0.18 0.50
Dichloro isobutoxyborine 36.55 35.81 0.74 2.02

Dichloro neopentoxyborine 40.51 40.46 0.05 0.12
Dichloro octoxyborine 53.85 54.37 −0.52 −0.97

Dichloro propoxyborine 30.62 31.22 −0.60 −1.96
Diisoamylbutylthioborane 79.99 79.90 0.09 0.11

Diisobutylboronic anhydride 87.73 87.03 0.70 0.80
Diisobutylbutylthioborane 71.06 70.64 0.42 0.59

Diisopentylboronic anhydride 105.56 105.55 0.01 0.01
Diisopropylboronic anhydride 68.78 68.75 0.03 0.04

Dioctyl butoxyborine 100.02 100.79 −0.77 −0.77
Dipropylbutylthioborane 61.51 61.46 0.05 0.08
Dipropylethylthioborane 52.48 52.20 0.28 0.53

Dipropylisobutylaminoborane 55.99 56.09 −0.10 −0.18
Dipropylphenylaminoborane 63.31 63.31 0.00 0.00

Dipropylphenylthioborane 67.67 67.56 0.11 0.16
Ethyl phenyl butoxyborine 61.09 61.05 0.04 0.07

Ethylphenylboronic acid 42.13 41.55 0.58 1.38
Ethylphenylboronic anhydride 82.57 81.79 0.78 0.94

Ethylthio dioctyl borane 98.03 98.50 −0.47 −0.48
Ethylthiodiethylborane 42.82 42.94 −0.12 −0.28
Hexyldichloroborane 44.07 44.03 0.04 0.09

Isobutyl cyclohexylchloroboronate 56.96 56.76 0.20 0.35
o-Tolylamino(diethylamino)borane 63.48 63.31 0.17 0.27

Pentyldichloroborane 39.49 39.40 0.09 0.23
Phenyl 2-tolyl propoxyborine 77.12 77.05 0.07 0.09
Phenyl di(sec-butoxy)borine 71.45 71.64 −0.19 −0.27
Phenyl di(sec-octoxy)borine 108.55 108.68 −0.13 −0.12

Phenyl dibutoxyborine 71.32 71.62 −0.30 −0.42
Phenyl diethoxyborine 52.87 53.10 −0.23 −0.44

Phenyl diisobutoxyborine 71.44 71.54 −0.10 −0.14
Phenyl dimethoxyborine 43.45 43.78 −0.33 −0.76
Phenyl dipropoxyborine 62.40 62.36 0.04 0.06

Phenylamino(diethylamino)borane 58.85 58.50 0.35 0.59
Phenylboron dichloride 41.64 41.33 0.31 0.74

Phenylpropylboronic acid 46.40 46.18 0.22 0.47
Phenylpropylboronic anhydride 90.30 91.05 −0.75 −0.83

Tri(1,2,2-trimethylpropoxy)borine 93.61 94.28 −0.67 −0.72
Tri(1,3-dichloro-2-propoxy)borine 81.12 81.47 −0.35 −0.43
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Tri(1-chloroethoxy)borine 52.99 53.51 −0.52 −0.98
Tri(1-ethoxycarbonylethoxy)borine 85.93 85.70 0.23 0.27

Tri(1-methoxyethoxy)borine 57.42 57.14 0.28 0.49
Tri(2-ethoxycarbonylethoxy)borine 84.97 85.67 −0.70 −0.82

Tri(2-pentoxy)borine 80.11 80.45 −0.34 −0.42
Tri(butylthio)borane 87.47 87.36 0.11 0.13

Tri(ethoxycarbonylmethoxy)borine 71.14 71.78 −0.64 −0.90
Tri(propylthio)borane 73.47 73.47 0.00 0.00

Tri(t-butoxy)borine 66.77 66.38 0.39 0.58
Tributyl borate 66.65 66.53 0.12 0.18
Tridecyl borate 149.41 149.87 −0.46 −0.31
Triethyl borate 38.69 38.75 −0.06 −0.16
Triethylborane 33.72 34.51 −0.79 −2.34

Triheptyl borate 109.18 108.20 0.98 0.90
Triisobutylborane 62.31 62.17 0.14 0.22

Triisopentoxyborine 80.14 80.30 −0.16 −0.20
Triisopentylborane 76.54 76.06 0.48 0.63
Triisopropyl borate 52.52 52.67 −0.15 −0.29
Trimethoxyborine 24.86 24.77 0.09 0.36

Trioctyl borate 122.30 122.09 0.21 0.17
Tripentoxyborine 80.42 80.42 0.00 0.00
Tripropyl borate 52.55 52.64 −0.09 −0.17
Tripropylborane 48.54 48.40 0.14 0.29

Tris(ethylthio)borane 59.41 59.58 −0.17 −0.29

4.2. Polarizability

The calculation of the molecular polarizabilities was carried out indirectly via the
calculated refractivities applying the inverse Lorentz–Lorenz relation. In order to include
the relatively limited number of experimentally determined polarizability data in the atom
group parameters and any further calculations, they were translated into the corresponding
refractivity values and henceforth treated just like the remaining experimental refractivities.
Conversely, all the experimental refractivity values were analogously converted into “exper-
imental” polarizabilities. The complete set of true and indirectly determined experimental
polarizability values is compared in Figure 4 with the indirectly calculated polarizability
values, mirroring the excellent correlation of Figure 2, which at first sight is not surprising
as both value sets are multiplied with the same factor. However, we should not forget
that the truly experimentally determined polarizability values were evaluated by various
methods that differ from those for the experimental determination of the refractivity. In fact,
as the histogram in Figure 5 reveals, it turned out that 23 compounds should be viewed as
outliers because their experimental refractivity values deviated by more than three times
the standard deviation σ of 0.15 A3 from calculations. They are collected in a separate list,
available in the Supplementary Materials, together with the complete set of compounds
with experimental and calculated polarizabilities.

In a paper by Tariq et al. [273], the applicability of the Lorentz–Lorenz relation was
questioned for ILs because it is based on the assumption of the compounds being “isotropic
fluids composed of spherical and non-interacting particles” which is not given with this
class of salts, since at least one of its ions is non-spherical, and they are clearly non-
isotropic fluids as they consist of polar centers surrounded by non-polar moieties. These
considerations are certainly justified with respect to the relationship between refractivity
and polarizability of ILs. In the following section, however, we will demonstrate that
the non-spherical character of the ILs is no obstacle for a reasonable correlation between
molecular volume and refractivity.
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Figure 4. Correlation diagram of the polarizability data (in A3). (N = 5763, R2 = 0.9997, regression
line: intercept = 0.0115; slope = 0.9995, MAPD = 0.72%).

4.3. Refractivity/Polarizability and Molecular Volume

A paper of Brinck et al. [6] discussed the relationship between the polarizability of
a molecule and its volume, arguing that physically “the polarizability α of a conducting
sphere of radius R is equal to R3”, its relation expressed by the equation α = 3V/4π,
where V is the volume. This relation is true on condition that the electrostatic potential is
uniform within this sphere, which is certainly not the case in a molecule. An approximate
equation, known as the Clausius–Mossotti equation, proposes for nonpolar molecules the
polarizability as being directly proportional to their volume and a function of their dielectric
constant. Several approaches for the calculation of the molecular volumes have been chosen
in order to assess their applicability for polarizability predictions. Gough [402], Laidig and
Bader [403], and Brinck et al. [6] used various Hartree–Fock self-consistent field methods to
compute the volumes of a limited number of small molecules and achieved good linearity
with their polarizability, depending on the size of the contour of the electronic density
defining the molecule’s surface. In an earlier paper [7], we presented a fast numerical
method for the calculation of the “true” molecular volume (in A3) of molecules of any
size and type, including ILs, based on the atoms’ Van-der-Waals radii. Since these “true”
(elsewhere also called “hardcore”) volumes are automatically generated on entering a new
compound to the database, it was obvious to examine their potential linearity with their
experimental polarizability or refractivity as far as available. In Figure 6, the correlation
between the “true” molecular volume and the experimental refractivity of 6069 molecules
is shown, revealing an excellent correlation coefficient R2 of 0.9645 and a MAPD of 7.53%.
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Figure 7 presents the same correlation diagram, but restricted to the class of ILs, indicating
that the path of prediction of their refractivity R via their molecular volume V as calculated
in [7] and applying the simple linear equation R = intercept + (V × slope) provides a reliable
refractivity value with a MAPD of little more than 5% within the ILs class over a large range
of molecular volumes, if the atom group additivity method does not allow a calculation
due to the limitations mentioned earlier. The complete list of molecules with their “true”
molecular volume and experimental and volume-derived refractivity is available in the
Supplementary Materials.

Figure 5. Histogram of the polarizability data (σ = 0.15 A3; exp. values range from 3.23 to 107.53 A3).
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Figure 6. Correlation diagram of “true” molecular volume (in A3) [7] vs. experimental refractivity.
(N = 6069, R2 = 0.9645, regression line: intercept = 1.4354; slope = 0.2743, MAPD = 7.53%).
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Figure 7. Correlation diagram of “true” molecular volume (in A3) [7] vs. experimental refractivity of
ILs. (N = 247, R2 = 0.9700, regression line: intercept = −2.4557; slope = 0.2686, MAPD = 5.35%).

5. Conclusions

In several earlier papers [1,7,8,397–401], the present atom groups additivity algorithm,
outlined in [1], proved its formidable versatility for the reliable prediction of up to 17 phys-
ical, thermodynamic, solubility-, optics-, charge-, and environment-related descriptors. In
the present work, which is part of an ongoing project, the results of the present refrac-
tivity/polarizability calculations again demonstrate its as-yet unsurpassed accuracy and
easy expandability. The nearly 6000 molecules providing their experimental refractivity or
polarizability values, either directly or via their refractive index and density, enabled the
calculation of a large set of atom group parameters allowing the refractivity/polarizability
of nearly 80% of the compounds listed in a database of presently approaching 36,000 of
nearly any molecular structure, size, and application. The big advantage of the present
method is the basic possibility to calculate the refractivity simply by means of paper
and pencil applying the parameters set listed in Table 2. In addition, we have shown
that optional refractivity/polarizability calculations are possible via the molecular vol-
ume route—although with lower accuracy—in cases where the group additivity method
is disabled.
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The mentioned project’s software is called ChemBrain IXL, available from Neuronix
Software (www.neuronix.ch, 1.1.2015, Rudolf Naef, Lupsingen, Switzerland).

Supplementary Materials: The following supporting information can be downloaded at: https:
//www.mdpi.com/article/10.3390/liquids2040020/s1, The list of compounds used in the present
work, their experimental data, and 3D structures are available online as standard SDF files, accessible
for external chemistry software, under the name of “S01. Compounds List for Refractivity-Parameters
Calculations.sdf”. The list of the compounds used in the correlation diagrams and histograms contain-
ing their names and their experimental and calculated values are available under the corresponding
names of “S02. Experimental vs. Calculated Refractivities.doc”, “S03. Experimental vs. Calculated
Polarizabilities.doc” and “S04. Molecular Volume vs. Refractivity Data Table.doc”. Separate anal-
ogous lists are available for ionic liquids under the name of “S05. Experimental vs. Calculated
Refractivities of Ionic Liquids.doc”, for silicon compounds under the name of “S06. Experimental
vs. Calculated Refractivities of Silicon Compounds.doc”, and for boron compounds under the name
of “S07. Experimental vs. Calculated Refractivities of Boron Compounds.doc”. In addition, two
lists containing the outliers in the calculations of the refractivity and polarizability of molecules are
available under the names of “S08. Refractivity Outliers.doc” and “S09. Polarizability outliers.doc”.
Finally, the figures are available as .tif files and the tables as .doc files under the names given in
the text.
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Abstract: Surface tension is among the most important factors in chemical and pharmaceutical
processes. Modeling the surface tension of solvents at different temperatures helps to optimize the
type of solvent and temperature. The surface tension of solvents at different temperatures with their
solvation parameters was used in this study to develop a model based on the van’t Hoff equation by
multiple linear regression. Abraham solvation parameters, Hansen solubility parameters, and Catalan
parameters are among the most discriminating descriptors. The overall MPD of the model was 3.48%,
with a minimum and maximum MPD of 0.04% and 11.62%, respectively. The model proposed in this
study could be useful for predicting the surface tension of mono-solvents at different temperatures.

Keywords: surface tension; solvation parameters; model; predict

1. Introduction

Surface activity is one of the main physico-chemical properties of liquids. Surface
and/or interfacial tension represents the surface and/or interfacial activity of a liquid.
Surface tension data is required in many industrial applications, including wettability, dis-
persibility, and deflocculation of the solid particles in liquids; emulsification of immiscible
liquids in emulsion and microemulsion formulations; detergency in sanitary; adsorption
of gases and solutes from solutions; solubilization of insoluble drugs in liquid dosage
forms; biological activity of drugs and drug absorption from mucosa [1]. Surface tension
affects the transformation of heat and mass in solutions which influences many chemical
processes [2]. It is a vital step in drug formulation. For example, granulation is a method to
improve the falling ability of a powder by adding a binder to the active pharmaceutical
ingredient. A crucial step in optimizing granulation performance is wetting the substrate
with the binder and spreading the binder over the substrate. Surface tension also acts as
an important parameter in controlling the coating process. Suspensions are a dosage form
with many pros and cons compared to other dosage forms. One of the disadvantages is
related to its instability and cake formation, which could be modified by surface tension
control. A comprehensive review of the applications of surface tension in the pharmaceuti-
cal sciences was provided in an earlier review paper [3]. Many biological reactions occur
at the surface but not in solution. For proper absorption of a drug and efficient function
on its active site, it needs to be dissolved properly in the gastric fluids. Surface tension
plays a vital role in the function of the respiratory system. A mixture of surface active
agents, such as dipalmitoyl lecithin, causes a reduction in the surface tension of alveoli
fluid. Increasing the surface tension of alveoli lining fluid results in respiratory distress
syndrome and atelectasis, which are two major respiratory disorders. The most important
roles of surface tension in clinical sciences have been summarized in a review work [4].

Liquids 2022, 2, 378–387. https://doi.org/10.3390/liquids2040021 https://www.mdpi.com/journal/liquids
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Surface tension reflects the intermolecular interactions and forces between a liquid
molecule and the air and depends on many different variables, including viscosity, the
existence of ionized compounds in the solution, and temperature [5].

There are various methods for measuring surface tension, including the Du Noüy ring
method, Wilhelmy plate method, and spinning drop method, but they all require a lot of
cost and energy, and they require an expert to perform the laboratory work. Numerical
methods to predict the surface tension of mixed solvents have been proposed, but there are
few studies on computational modeling for surface tension prediction of mono-solvents at
different temperatures [5].

The aim of this study is to propose a mathematical model for calculating the surface
tension of mono-solvents at various temperatures by combining an adopted van’t Hoff
model with the solvation parameters, including Abraham solvation parameters, Hansen
solubility parameters, and Catalan parameters. The applicability of the proposed model is
evaluated by using the published surface tension data of several different mono-solvents at
various temperatures.

2. Computational Methods

The surface tension of a liquid is decreased by an increase in temperature. An adapted
version of the van’t Hoff equation is used to represent the temperature effects on the surface
tension data (σi,T). The van’t Hoff type model is:

log σi,T = αi +
βi
T

(1)

in which αi and βi are the model constants [6]. It has been shown that αi and βi terms could
represent the effects of the physico-chemical properties (PCP) of a given solvent at various
temperatures. It is possible to include Abraham solvation parameters (APi) [7], Hansen
solubility parameters (HPi) [8], and Catalan parameters (CPi) [9] to represent the effects of
solvent’s PCPs on surface tension. To do this, we combined these PCPs with the van’t Hoff
type model as:

log σi,T =

(
α0 +

5
∑

i=1
αi,AP APi +

3
∑

i=1
αi,HPHPi +

4
∑

i=1
αi,CPCPi

)

+

⎛⎜⎝ β0+
5
∑

i=1
βi,AP APi+

3
∑

i=1
βi,HP HPi+

4
∑

i=1
βi,CPCPi

T

⎞⎟⎠ (2)

where α and β terms are the model constants.
Thirty-two solvents with their numerical surface tension (σi,T) values at different

temperatures were obtained from the literature (Table 1) [10–33]. The tabulated numerical
values pertain to a homogeneous liquid system at the specified temperature in equilibrium
with its own vapor pressure. The solvents considered in the study contain a wide range of
functional groups, and they cannot be classified as belonging to a single type of chemical
compound. For each solvent, Abraham solvation parameters [7,34,35], Catalan parame-
ters [9], and Hansen solubility parameters [8] were gathered from different sources. Details
of the parameters with their references are listed in Tables 2–4. Parameters for each solvent
were divided by temperature to differentiate between the descriptor’s numerical values
at different temperatures. Repeated data were excluded from the final analyses, and for
the data with close reported surface tension data, the average numerical value of surface
tension was used for further analysis.
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Table 1. Experimental (σExp
i,T ) and calculated (σCalc

i,T ) surface tension values of the studied mono-
solvents at different temperatures (T), the mean percentage deviation (MPD), and the references for
σ

Exp
i,T data.

Solvent T (K) σ
Exp
i,T σCalc

i,T MPD Ref.

1,4-dioxane 288 33.98 32.40 4.74 [10]
1,4-dioxane 293 33.58 31.70 5.51 [10]
1,4-dioxane 298 32.69 31.10 4.80 [10]
1,4-dioxane 303 32.15 30.50 5.01 [10]
1,4-dioxane 308 31.42 30.00 4.52 [10]
1-butanol 288 24.68 24.80 0.28 [11]
1-butanol 293 24.21 24.20 0.04 [11]
1-butanol 298 24.10 23.70 1.70 [11,12]
1-butanol 303 23.34 23.20 0.60 [11]
1-butanol 308 22.79 22.70 0.26 [11]
1-hexanol 288 26.08 26.40 1.23 [11]
1-hexanol 293 25.61 25.90 1.09 [11]
1-hexanol 298 25.43 25.40 0.08 [11,12]
1-hexanol 303 24.74 25.00 0.89 [11]
1-hexanol 308 24.19 24.50 1.41 [11]
1-octanol 288 27.41 26.80 2.12 [11]
1-octanol 293 26.94 26.30 2.26 [11]
1-octanol 298 26.90 25.90 3.90 [11,12]
1-octanol 303 26.07 25.40 2.57 [11]
1-octanol 308 25.52 25.00 2.16 [11]

1-pentanol 293 25.69 25.50 1.09 [13,14]
1-pentanol 298 25.00 25.00 0.12 [12,14]
1-pentanol 318 23.67 23.30 1.44 [13,14]
1-propanol 293 23.69 24.20 2.11 [13,14]
1-propanol 298 23.34 23.70 1.37 [12,14]
1-propanol 303 22.89 23.20 1.22 [14]
1-propanol 308 22.51 22.70 0.84 [14]
1-propanol 313 22.11 22.30 0.68 [14]
1-propanol 318 21.69 21.80 0.69 [13,14]
1-propanol 323 21.31 21.40 0.56 [14]
2-butanol 298 23.01 23.70 2.78 [13]

2-butanone 293 24.70 22.80 7.61 [15]
2-butanone 298 24.00 22.20 7.38 [15]

2-methyl–1-propanol 298 22.34 23.40 4.52 [16]
2-pentanol 293 23.70 24.20 2.24 [13]
2-pentanol 298 23.28 23.70 1.89 [13]
2-pentanol 315 21.60 22.20 2.69 [13]
2-propanol 293 21.74 22.10 1.66 [14]
2-propanol 298 21.03 21.60 2.57 [14]
2-propanol 303 20.72 21.10 1.64 [14]
2-propanol 308 20.23 20.60 1.73 [14]
2-propanol 313 19.71 20.10 2.13 [14]
2-propanol 318 19.21 19.70 2.55 [14]
2-propanol 323 18.69 19.30 3.26 [14]

acetone 273 25.17 25.50 1.47 [17]
acetone 287 24.70 23.40 5.22 [17]
acetone 288 23.37 23.30 0.39 [17]
acetone 293 23.03 22.60 1.78 [18]
acetone 298 22.50 22.00 2.22 [18]
acetone 303 21.80 21.40 1.79 [17]
acetone 308 21.20 20.90 1.60 [17]
acetone 313 20.80 20.30 2.21 [18]
acetone 318 19.78 19.90 0.35 [17]
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Table 1. Cont.

Solvent T (K) σ
Exp
i,T σCalc

i,T MPD Ref.

acetone 323 19.51 19.40 0.62 [18]
acetone 328 18.60 19.00 1.88 [17]

acetonitrile 298 28.41 28.40 0.21 [19]
acetonitrile 303 28.03 27.50 2.07 [19]
acetonitrile 308 27.40 26.60 2.88 [19]
acetonitrile 313 26.76 25.80 3.55 [19]
acetonitrile 318 26.13 25.10 4.06 [19]

benzene 293 28.85 32.20 11.61 [20]
benzene 303 27.55 30.80 11.62 [20]

butyl acetate 298 24.88 22.80 8.32 [21]
cyclohexane 288 25.34 24.30 4.18 [22]
cyclohexane 293 25.00 23.40 6.28 [23]
cyclohexane 298 24.20 22.60 6.49 [23]
cyclohexane 303 23.85 21.90 8.22 [23]
cyclohexane 308 23.02 21.20 7.91 [22,23]
cyclohexane 318 21.84 19.90 8.70 [22,23]
cyclohexane 328 20.71 18.80 9.13 [22,23]

dimethylsulfoxide 288 43.68 45.40 3.94 [24]
dimethylsulfoxide 298 42.18 43.90 4.10 [24]
dimethylsulfoxide 308 41.11 42.60 3.55 [24]
dimethylsulfoxide 318 39.99 41.40 3.40 [24]
dimethylsulfoxide 328 38.72 40.20 3.93 [24]

ethanol 288 22.68 24.70 8.86 [14,25]
ethanol 293 22.28 24.10 8.17 [25]
ethanol 298 21.78 23.60 8.13 [12,25]
ethanol 303 21.40 23.00 7.62 [25]
ethanol 308 21.04 22.50 7.13 [25]
ethanol 313 20.66 22.10 6.82 [25]
ethanol 318 20.36 21.60 6.24 [25]
ethanol 323 19.91 21.20 6.53 [25]

ethyl acetate 298 23.93 21.90 8.32 [20]
ethylene glycol 283 49.76 46.70 6.25 [26,27]
ethylene glycol 293 49.02 45.60 7.04 [26,27]
ethylene glycol 298 48.24 45.10 6.59 [26,27]
ethylene glycol 303 47.67 44.60 6.48 [26,27]
ethylene glycol 308 47.50 44.10 7.14 [26,27]
ethylene glycol 313 47.58 43.70 8.22 [26,27]
ethylene glycol 318 46.40 43.30 6.79 [26,27]
ethylene glycol 323 46.68 42.80 8.23 [26,27]

heptane 288 20.73 22.20 6.90 [11,22]
heptane 293 20.40 21.30 4.56 [11,28]
heptane 298 19.64 20.60 4.74 [11,22]
heptane 303 19.34 19.90 2.69 [11,22]
heptane 308 18.80 19.20 2.07 [11,22]
heptane 313 18.46 18.60 0.60 [28]
heptane 318 17.76 18.00 1.24 [22]
heptane 323 17.42 17.40 0.06 [28]
heptane 328 16.68 16.90 1.44 [22]
heptane 333 16.46 16.40 0.18 [28]
heptane 343 15.32 15.50 1.44 [28]

methanol 293 22.80 22.80 0.18 [14]
methanol 298 22.27 22.30 0.09 [14]
methanol 303 21.79 21.70 0.46 [14]
methanol 308 21.52 21.20 1.67 [14]
methanol 313 21.13 20.70 2.22 [14]
methanol 318 20.61 20.20 2.04 [14]
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Table 1. Cont.

Solvent T (K) σ
Exp
i,T σCalc

i,T MPD Ref.

methanol 323 19.86 19.80 0.55 [14]
methyl acetate 298 24.79 22.90 7.62 [29]

N,N-dimethylformamide 288 36.96 36.40 1.41 [22]
N,N-dimethylformamide 298 35.83 35.30 1.40 [22]
N,N-dimethylformamide 308 34.65 34.30 0.95 [22]
N,N-dimethylformamide 318 33.37 33.40 0.12 [22]
N,N-dimethylformamide 328 32.03 32.60 1.69 [22]
N-methyl–2-pyrrolidone 239 41.13 44.30 7.80 [22]
N-methyl–2-pyrrolidone 278 42.60 40.80 4.18 [22]
N-methyl–2-pyrrolidone 288 41.35 40.10 3.00 [22]
N-methyl–2-pyrrolidone 298 40.25 39.50 1.99 [22]
N-methyl–2-pyrrolidone 303 40.38 39.10 3.12 [30]
N-methyl–2-pyrrolidone 308 39.10 38.80 0.66 [22]
N-methyl–2-pyrrolidone 313 39.99 38.50 3.63 [30]
N-methyl–2-pyrrolidone 318 37.91 38.30 0.98 [22]
N-methyl–2-pyrrolidone 328 36.80 37.80 2.61 [22]
N-methyl–2-pyrrolidone 333 35.90 37.50 4.46 [30]
N-methyl–2-pyrrolidone 338 35.66 37.30 4.54 [22]

propylene glycol 298 35.80 36.30 1.51 [31]
propylene glycol 303 35.70 35.80 0.34 [31]
propylene glycol 313 35.00 34.90 0.40 [31]
propylene glycol 323 34.10 34.00 0.35 [31]

toluene 288 28.93 31.90 10.40 [22]
toluene 298 27.76 30.50 9.69 [22]
toluene 308 26.60 29.10 9.47 [22]
toluene 318 25.46 27.90 9.66 [22]
toluene 328 24.29 26.80 10.50 [22]
water 283 74.27 77.60 4.42 [32]
water 293 72.72 74.80 2.83 [32]
water 298 71.92 73.50 2.18 [16,32,33]
water 303 71.18 72.30 1.53 [32,33]
water 308 70.35 71.10 1.08 [32,33]
water 311 69.91 70.40 0.76 [32]
water 313 69.49 70.00 0.73 [32]
water 318 68.67 69.00 0.41 [32,33]
water 323 67.78 67.90 0.24 [32,33]
water 328 66.60 67.00 0.57 [32,33]

Table 2. Applied solvation parameters of studied solvents for modeling.

Descriptor Definition

Abraham solvent parameters [7,34,35]
c The intercept value in Abraham’s solvation model
e Excess molar refraction
s Polarity/polarizability
a Hydrogen-bond acidity
b Hydrogen-bond basicity
v McGowan volume characteristic

Hansen solubility parameters [8]
δD The energy from dispersion forces between molecules
δP The energy from dipolar intermolecular force between molecules
δH The energy from hydrogen bonds between molecules

Catalan parameters [9]
SdP Solvent dipolarity
SP Solvent polarizability
SA Solvent acidity
SB Solvent basicity
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Table 3. Numerical values of the Abraham solvent parameters.

Solvent c e s a b v

1-butanol 0.17 0.40 −1.01 0.06 −3.96 4.04
1-hexanol 0.12 0.49 −1.16 0.05 −3.98 4.13
1-octanol −0.03 0.49 −1.04 −0.02 −4.24 4.22

1-pentanol 0.15 0.54 −1.23 0.14 −3.86 4.08
1-propanol 0.14 0.41 −1.03 0.25 −3.77 3.99
1,4-dioxane 0.10 0.35 −0.08 −0.56 −4.83 4.17
2-butanol 0.19 0.35 −1.13 0.02 −3.57 3.97

2-butanone 0.25 0.26 −0.08 −0.77 −4.86 4.15
2-methyl−1-propanol 0.13 0.25 −0.98 0.16 −3.88 4.11

2-pentanol 0.12 0.46 −1.33 0.21 −3.75 4.20
2-propanol 0.10 0.34 −1.05 0.41 −3.83 4.03

acetone 0.31 0.31 −0.12 −0.61 −4.75 3.94
acetonitrile 0.41 0.08 0.33 −1.57 4.39 3.36

benzene 0.14 0.46 −0.59 −3.10 −4.63 4.49
butyl acetate 0.25 0.36 −0.50 −0.87 −4.97 4.28
cyclohexane 0.16 0.78 −1.68 −3.74 −4.93 4.58

dimethylsulfoxide −0.19 0.33 0.79 −1.26 −4.54 3.36
ethanol 0.22 0.47 −1.04 0.33 −3.60 3.86

ethyl acetate 0.33 0.37 −0.45 −0.70 −4.90 4.15
ethylene glycol −0.27 0.58 −0.51 0.72 −2.62 2.73

heptane 0.33 0.67 −2.06 −3.32 −4.73 4.54
methanol 0.28 0.33 −0.71 0.24 −3.32 3.55

methyl acetate 0.35 0.22 −0.15 −1.04 −4.53 3.97
N-methyl−2-pyrrolidone 0.15 0.53 0.23 0.84 −4.79 3.67
N,N-dimethylformamide −0.31 −0.06 0.34 0.36 −4.87 4.49

propylene glycol −0.15 0.75 −0.97 0.68 −3.13 3.25
toluene 0.14 0.53 −0.72 −3.01 −4.82 4.55
water −0.99 0.58 2.55 3.81 4.84 −0.87

Multiple linear regression was used in this study to develop a model to calculate
the surface tension of different solvents at various temperatures based on the parameters
mentioned in Table 1. Surface tension was set as the dependent variable, and solubility
parameters as independent variables. Descriptors with p-value >0.1 were excluded from the
model. The p-value shows the statistical significance of the coefficients of each independent
variable assessed employing the t-test.

The results of the correlations with the proposed model were compared with those of
the previously reported model by Freitas et al. [36], which calculates the surface tension of
liquids at 20 ◦C (σi,20 ◦C):

σi,20 ◦C = 14.9 + 4.35AExp
i − 1.3BExp

i + 11.3SExp
i + 10.9Ei + 3.0Vi + 0.8NC (3)

and a model based on Abraham solute parameters [37] to compute the surface tensions at
various temperatures (σi,T):

log σi,T = 1.245Ei + 0.344Ai + 0.542Vi
+ 1

T (384.020 − 305.012Ei + 22.350Si − 101.827Ai + 16.608Bi − 152.522Vi)
(4)

where AExp
i , BExp

i , SExp
i , Ei and Vi are the Abraham solute parameters of the liquids. The

numerical values of AExp
i , BExp

i and SExp
i were derived from experimental solubility data

of the compounds dissolved in a number of organic solvents with known Abraham solvent
parameters [37], Ei was calculated from refractive index data [38] and Vi was computed
using a group contribution method of McGowan and Abraham [39]. NC is the number of
carbons in n-alkanes minus six, i.e., NC = 0 for n-alkanes up to hexane and 1 for heptane [36].
As an informational note, the Abraham solute descriptors used in Equations (3) and (4) are
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denoted by capitalized alphabetical characters. These solute descriptors could either be
determined from experimental solubility data (denoted by Exp as superscript in this work)
or could be computed using available software [40]. Abraham solvent parameters, which
will be used in later equations, will be denoted by lowercase alphabetical characters.

The accuracy of the models was investigated by computing MPD (mean percentage
deviation) as follows:

MPD =
100
N ∑

⎛⎝
∣∣∣σCalc

i,T − σ
Exp
i,T

∣∣∣
σ

Exp
i,T

⎞⎠ (5)

where N is the number of data points used in the regression analyses.

Table 4. Numerical values of the Hansen and Catalan parameters for the solvents investigated in
this work.

Hansen Parameters Catalan Parameters

solvent δD δP δH SP SdP SA SB
1-butanol 16.00 5.70 15.80 0.67 0.66 0.34 0.81
1-hexanol 15.90 5.80 12.50 0.70 0.55 0.32 0.88
1-octanol 17.00 3.30 11.90 0.71 0.45 0.30 0.92

1-pentanol 13.83 8.82 13.80 0.69 0.59 0.32 0.86
1-propanol 16.00 6.80 17.40 0.66 0.75 0.37 0.78
1,4-dioxane 19.00 1.80 7.40 0.74 0.31 0.00 0.44
2-butanol 13.38 9.53 14.08 0.66 0.71 0.22 0.89

2-butanone 16.00 9.00 5.10 0.67 0.87 0.00 0.52
2-methyl–1-propanol 13.38 9.53 14.08 0.66 0.68 0.31 0.83

2-pentanol 13.65 8.87 12.95 0.67 0.67 0.20 0.92
2-propanol 12.97 10.35 15.68 0.63 0.81 0.28 0.83

acetone 15.50 10.40 7.00 0.65 0.91 0.00 0.48
acetonitrile 11.59 12.95 16.34 0.65 0.97 0.04 0.29

benzene 18.40 0.00 2.00 0.79 0.27 0.00 0.12
butyl acetate 14.49 7.74 6.53 0.67 0.54 0.00 0.53
cyclohexane 16.80 0.00 0.20 0.68 0.00 0.00 0.07

dimethylsulfoxide 18.40 16.40 10.20 0.83 1.00 0.07 0.65
ethanol 15.80 8.80 19.40 0.64 0.78 0.40 0.66

ethyl acetate 15.80 5.30 7.20 0.66 0.60 0.00 0.54
ethylene glycol 17.00 11.00 26.00 0.78 0.91 0.72 0.53

heptane 15.30 0.00 0.00 0.64 0.00 0.00 0.08
methanol 15.10 12.30 22.30 0.61 0.90 0.61 0.55

methyl acetate 12.68 11.42 11.79 0.65 0.64 0.00 0.53
N-methyl–2-pyrrolidone 18.00 12.30 7.20 0.81 0.96 0.02 0.61
N,N-dimethylformamide 17.40 13.70 11.30 0.76 0.98 0.03 0.61

propylene glycol 12.75 14.23 27.95 0.73 0.89 0.48 0.60
toluene 18.00 1.40 2.00 0.78 0.28 0.00 0.13
water 15.50 16.00 42.30 0.68 1.00 1.06 0.03

3. Results and Discussion

The collected surface tension data of the mono-solvents at various temperatures were
correlated with three sets of solvation parameters, and the obtained model after excluding
non-significant parameters (p > 0.05) is:

log σT =

( −1.713 − 0.037s + 0.118a + 0.008b + 0.008δD
+0.006δP + 0.003δH + 3.636SP − 0.087SdP − 0.089SB

)
+
(

729.913−16.509c−23.369e−29.450a−19.611v−687.155SP−35.211SA
T

) (6)

The correlation coefficient of this equation is 0.992, the F value is 503, and the correla-
tion is statistically significant with a p-value of <0.0005. The F value is the Fischer test value
revealing the statistical significance of the overall correlation. The minimum and maximum
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MPD values for the back-calculated surface tensions belong to 1-butanol at temperature 293
(MPD = 0.04%) and benzene at temperature 303 (MPD = 11.62%). The overall MPD of the
correlated data points was 3.48% (N = 146). Equation (6) is valid for interpolation purposes
in all temperatures and for extrapolation purposes in a narrow range of temperatures.

Previous studies have shown the importance of Abraham solvation parameters in
calculating the surface tension of the mono-solvents [12]. A comparison between surface
tension prediction for mono-solvents with our proposed model and Freitas study at 20 ◦C
(σi,20 ◦C) is shown in Figure 1. Moreover, the MPD for a previous model by our group was
11%. It can be clearly understood that considering the Catalan and Hansen parameters,
the prediction ability of the model has been improved in comparison to previous models.
An important distinction between the current method and the earlier method of Freitas et al.
is that Equation (3) used the solute descriptors of the organic solvents as input parameters.
The current treatment uses the Abraham model equation coefficients for each solvent as
the input parameters for Equation (2). Solvent coefficients, rather than solute descriptors,
are likely the more appropriate parameter to use when dealing with properties such as
surface tension. While both types of parameters can be used in describing molecular
interactions, their numerical values are determined under a different set of experimental
conditions. In the case of solute descriptors, the measurements are normally performed
at low concentrations where the dissolved solute is completely surrounded by solvent
molecules. Such measurements would not capture the effects of self-association. Solvent
parameters, on the other hand, would include effects arising from self-association, as well
as any special structural features resulting from “solvent stacking”. We recognize that the
limited availability of solvent coefficients does make it appealing to use the more readily
available solute parameters when developing predictive expressions. Experimental-based
solute descriptors are known for more than 8000 different organic and organometallic
compounds [40]. Abraham model solvent coefficients, on the other hand, have been
determined for only 130 different organic molecules and a few binary aqueous-alcoholic
mixtures [41].

In order to validate the model, each solvent was sorted based on the temperature
and was divided into training and test sets one by one in order to have different solvents
containing various physiochemical properties with different temperatures in both test and
training sets. The temperature values of the used training data points are listed in the
second column of Table 1 using bold font. The proposed model was trained using the
training data points, and the rest of the data points were predicted by the trained model.
The obtained overall MPD value was 4.01% (N = 118). The results confirm the validity of
the model.

 

Figure 1. Comparison of MPD values for the calculated surface tension of studied solvents at 293 K by
combination of van’t Hoff type model and the solvation parameters (Equation (6)) and the reported
model by Freitas et al. (Equation (3)).
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4. Conclusions

A van’t Hoff type-mathematical expression was developed for predicting the surface
tension of both water and 27 different organic mono-solvents as a function of temperature
using only Abraham solvation parameters, Hansen solubility parameters, and Catalan
parameters as input values. The derived mathematical expression described the experi-
mental surface tension data within an overall MPD of the model was 3.48%. The minimum
and maximum MPD between predicted and observed values were 0.04% and 11.62%,
respectively. The predictive model reported in the current study could help researchers
to estimate the surface tension of mono-solvents at different temperatures and identify
possible outlier values in need of re-measurement. The availability of needed solvation
parameters currently limits the applicability of the proposed model; however, progress
is being made to estimate Abraham model solvent coefficients using functional group
additivity and machine learning methods [42–44].
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The Solubility of Ethyl Candesartan in Mono Solvents and
Investigation of Intermolecular Interactions

Cunbin Du

School of Pharmaceutical Sciences, TaiZhou University, Taizhou 318000, China; cbd@tzc.edu.cn

Abstract: In this work, the experimental solubility of ethyl candesartan in the selected solvents within
the temperature ranging from 278.15 to 318.15 K was studied. It can be easily found that the solubility
of ethyl candesartan increases with the rising temperature in all solvents. The maximum solubility
value was obtained in N,N-dimethylformamide (DMF, 7.91 × 10−2), followed by cyclohexanone
(2.810 × 10−2), 1,4-dioxanone (2.69 × 10−2), acetone (7.04 × 10−3), ethyl acetate (4.20 × 10−3),
n-propanol (3.69 × 10−3), isobutanol (3.38 × 10−3), methanol (3.17 × 10−3), n-butanol (3.03 × 10−3),
ethanol (2.83 × 10−3), isopropanol (2.69 × 10−3), and acetonitrile (1.15 × 10−2) at the temperature
of 318.15 K. Similar results of solubility sequence from large to small were also obtained in other
temperatures. The X-ray diffraction analysis illustrates that the crystalline forms of all samples were
consistent, and no crystalline transformation occurred during the dissolution process. In aprotic
solvents, except for individual solvents, the solubility data decreases with the decreasing values of
hydrogen bond basicity (β) and dipolarity/polarizability (π*). The largest average relative deviation
(ARD) data in the modified Apelblat equation is 1.9% and observed in isopropanol; the maximum
data in λh equation is 4.3% and found in n-butanol. The results of statistical analysis show that the
modified Apelblat equation is the more suitable correlation of experimental data for ethyl candesartan
in selected mono solvents at all investigated temperatures. In addition, different parameters were used
to quantify the solute–solvent interactions that occurred in the dissolution process including Abraham
solvation parameters (APi), Hansen solubility parameters (HPi), and Catalan parameters (CPi).

Keywords: ethyl candesartan; solubility; model correlation; intermolecular interactions

1. Introduction

Candesartan (CNS) is a highly effective, long-acting, and selective angiotensin II type
1 receptor antagonist [1]. Candesartan cilexetil is a prodrug of candesartan, which can
be completely hydrolyzed in the gastrointestinal tract and transformed into candesartan
with antihypertensive activity [2]. At present, according to the different key intermediates
in the synthesis process, there are many literature reports on the synthesis methods of
candesartan cilexetil [3–7]. Among them, candesartan cilexetil is widely used by using
2-tert-butoxycarbonylamino-3-nitrobenzoate ethyl ester as a raw material through nine
steps. However, in the process of triphenyl removal, due to the existence of multiple
chemical sensitive groups in trityl candesartan cilexetil, impurities such as ethyl candesartan
and incomplete materials will be produced. The purity of the product is low, and it needs
to be purified many times to obtain candesartan ester with high purity [3]. EP 0720982
discloses a method for preparing candesartan cilexetil by deprotection of triphenylmethane
in the presence of methanol and hydrochloric acid. The disadvantage of this process is that
the yield is very low, and the product needs to be purified by chromatography [4].

In the process development and research of candesartan cilexetil, ethyl candesartan
(Figure 1, chemical formula, C26H24N6O3, CAS No. 139481-58-6) is one of the important
impurities in the preparation, and there is little literature on it. As we all know, the impurity
profile of active pharmaceutical ingredients (API) and the evaluation of their toxic effects
are necessary steps in the development of effective drugs, which is very important for
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medical safety. Therefore, the basic knowledge required for any drug is its impurities and
possible degradation products [8]. Solvent crystallization is a common method for the
separation and purification step during the production process. The solubility of impurities
in different solvents plays an important role for understanding the phase equilibrium in the
development of the crystallization process [9–12]. Moreover, the solubility of a substance
is determined by both the solid state (crystal lattice energy) and the interaction with the
solvent (solvation) [9–12].

Figure 1. The chemical structure of ethyl candesartan.

Therefore, the proposed research work was performed to study the solubilization
behavior of ethyl candesartan in some different pure solvents. The solubility data was
correlated by a modified Apelblat equation and λh equation. The crystal form before
and after dissolution was characterized using X-ray powder diffractometer. Moreover,
the solubilization behavior was discussed by using the solvent properties. The solute–
solvent interactions that occurred in the dissolution process were quantified by Abraham
solvation parameters (APi), Hansen solubility parameters (HPi), and Catalan parameters
(CPi). The physicochemical data obtained would be useful in purification, recrystallization,
and formulation development of ethyl candesartan in pharmaceutical industries.

2. Experimental Section

2.1. Materials and Apparatus

Raw ethyl candesartan was recrystallized by ethanol; the final mass fraction purity
was 0.992 (determined by the High Performance Liquid Chromatograph, HPLC, Agilent
1260, Beijing, China), provided by Zhejiang Junfeng Technology Co., Ltd., Taizhou, China.
During the experiment, all pure organic solvents with analytical grade were purchased
from Sinopharm Chemical Reagent Co., Ltd., Beijing, China, and used without any addi-
tional purification. The purity of the solvent was provided by the supplier. The detailed
information is listed in Table 1.

Table 1. Source and purity of the materials used in this work.

Chemicals CAS Number Molar Mass g·mol−1 Source Mass Fraction Purity Analysis Method

Ethyl Candesartan 139481-58-6 468.51
Zhejiang Junfeng

Technology Co., Ltd.
China

0.992 HPLC b

Methanol 67-56-1 32.04

Sinopharm Chemical
Reagent

Co., Ltd., China

0.995 a

None

Ethanol 64-17-5 46.07 0.996 a

n-Propanol 71-23-8 60.10 0.995 a

Isopropanol 67-63-0 60.10 0.996 a

n-Butanol 71-36-3 74.12 0.995 a

Isobutanol 78-83-1 74.12 0.996 a

Acetonitrile 75-05-8 41.05 0.996 a

Ethyl Acetate 141-78-6 88.11 0.995 a

DMF 68-12-2 73.09 0.995 a

Acetone 67-64-1 58.08 0.996 a

Cyclohexanone 108-94-1 98.14 0.995 a

1,4-Dioxane 123-91-1 88.11 0.996 a

a the purity was obtained from chemical reagent Co., Ltd., b determined by HPLC.
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2.2. X-ray Diffraction Analysis

The crystals from raw ethyl candesartan and the recovered equilibrated samples from
each solvent were analyzed by using X-ray powder diffractometer with an X-ray generator
of Cu-Ka radiation (1.5405 Å). The experimental tube voltage and current were 40 kV and
30 mA. The data collection was performed at 2θ of 5–60◦ in steps of 0.02◦.

2.3. Measurement Experiment

In this work, the isothermal saturation method [13–19] was used to determine the
solubility data of ethyl candesartan in each solvent in the temperature ranging from 278.15 K
to 318.15 K under atmospheric pressure. For solubility measurement, a jacketed glass vessel
with a magnetic stirrer was used, and the temperature maintained by a thermostatic bath
with an accuracy of 0.01 K.

Excess raw ethyl candesartan and 30 mL of solvent were added into the jacketed
glass vessel. The actual temperature in solution was displayed by a mercury glass micro
thermometer. A magnetic stirrer was used to mix continuously for 24 h to achieve phase
equilibrium state. Then, the magnetic stirrer was stopped, and solution was settled for
2 h before sampling. Equilibrium liquor with the amount of 2 mL was taken out using a
syringe attached with a 0.2 μm pore filter and transferred into a 25 mL pre-weighted flask
covered with a rubber stopper, then weighed again by the analytical balance. After that, the
concentration of ethyl candesartan was determined by HPLC. Each analysis was repeated
three times at all temperatures. The mobile phase was methanol/water = (2:1) at a flow
rate of 1.0 mL·min−1. A reverse phase column LP-C18 (250 mm × 4.6 mm), with a column
temperature of 303.15 K, and a UV detector, with the wavelength of 270 nm, were applied.

3. Results and Discussion

3.1. X-ray Diffraction Analysis

Figure 2 presents the XRD patterns of the crystals from raw ethyl candesartan and
the recovered equilibrated samples from each solvent. The peaks in the raw material
match well with the recovered equilibrated samples, which illustrates that the crystalline
forms of all samples were consistent, and no crystalline transformation occurred during
the dissolution process.

Figure 2. The XRD curves of ethyl candesartan recrystallized from each solvent.

3.2. Experimental Solubility Data

Through a search of related literature, we have found that previous studies mainly
focused on the synthesis of ethyl candesartan. The quantitative solubility values in any
of the investigated organic solvents are not reported yet. Therefore, the experimental
solubility of ethyl candesartan in the selected solvents within the temperature range of
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278.15 to 318.15 K was studied, and the solubility data together with the calculated values
on the basis of correlation equation were tabulated in Table 2.

Table 2. Experimental and calculated solubility in mole fraction of ethyl candesartan in solvent at the
temperature range of T = (278.15 to 318.15) K under 101.1 kPa a.

T/K
Solvent

xexp xAp Xλh xexp xAp xλh xexp xAp xλh xexp xAp xλh

Methanol Ethanol n-Propanol Isopropanol
278.15 3.81 × 10−4 3.66 × 10−4 3.98 × 10−4 3.25 × 10−4 3.28 × 10−4 3.44 × 10−4 5.17 × 10−4 5.06 × 10−4 5.27 × 10−4 3.10 × 10−4 2.87 × 10−4 3.14 × 10−4

283.15 5.24 × 10−4 5.23 × 10−4 5.37 × 10−4 4.64 × 10−4 4.59 × 10−4 4.64 × 10−4 6.67 × 10−4 6.89 × 10−4 6.95 × 10−4 4.18 × 10−4 4.14 × 10−4 4.28 × 10−4

288.15 7.04 × 10−4 7.28 × 10−4 7.16 × 10−4 6.24 × 10−4 6.29 × 10−4 6.20 × 10−4 9.04 × 10−4 9.19 × 10−4 9.07 × 10−4 5.59 × 10−4 5.81 × 10−4 5.76 × 10−4

293.15 9.80 × 10−4 9.85 × 10−4 9.46 × 10−4 8.36 × 10−4 8.44 × 10−4 8.21 × 10−4 1.22 × 10−3 1.20 × 10−3 1.17 × 10−3 7.76 × 10−4 7.94 × 10−4 7.68 × 10−4

298.15 1.32 × 10−3 1.30 × 10−3 1.24 × 10−3 1.12 × 10−3 1.11 × 10−3 1.08 × 10−3 1.58 × 10−3 1.55 × 10−3 1.51 × 10−3 1.06 × 10−3 1.06 × 10−3 1.01 × 10−3

303.15 1.68 × 10−3 1.68 × 10−3 1.61 × 10−3 1.45 × 10−3 1.44 × 10−3 1.40 × 10−3 1.97 × 10−3 1.97 × 10−3 1.92 × 10−3 1.40 × 10−3 1.38 × 10−3 1.33 × 10−3

308.15 2.11 × 10−3 2.12 × 10−3 2.07 × 10−3 1.82 × 10−3 1.83 × 10−3 1.81 × 10−3 2.44 × 10−3 2.46 × 10−3 2.43 × 10−3 1.76 × 10−3 1.76 × 10−3 1.72 × 10−3

313.15 2.61 × 10−3 2.61 × 10−3 2.65 × 10−3 2.27 × 10−3 2.29 × 10−3 2.31 × 10−3 3.01 × 10−3 3.02 × 10−3 3.05 × 10−3 2.19 × 10−3 2.20 × 10−3 2.22 × 10−3

318.15 3.17 × 10−3 3.17 × 10−3 3.37 × 10−3 2.83 × 10−3 2.82 × 10−3 2.94 × 10−3 3.69 × 10−3 3.69 × 10−3 3.81 × 10−3 2.69 × 10−3 2.69 × 10−3 2.84 × 10−3

n-Butanol Isobutanol Ethyl Acetate Acetonitrile
278.15 3.43 × 10−4 3.36 × 10−4 3.69 × 10−4 4.24 × 10−4 4.17 × 10−4 4.47 × 10−4 7.90 × 10−4 7.69 × 10−4 7.68 × 10−4 1.63 × 10−4 1.57 × 10−4 1.69 × 10−4

283.15 4.88 × 10−4 4.89 × 10−4 5.00 × 10−4 5.73 × 10−4 5.88 × 10−4 5.98 × 10−4 9.67 × 10−4 9.70 × 10−4 9.72 × 10−4 2.17 × 10−4 2.18 × 10−4 2.22 × 10−4

288.15 6.72 × 10−4 6.88 × 10−4 6.72 × 10−4 8.07 × 10−4 8.08 × 10−4 7.92 × 10−4 1.20 × 10−3 1.21 × 10−3 1.22 × 10−3 2.87 × 10−4 2.94 × 10−4 2.90 × 10−4

293.15 9.39 × 10−4 9.40 × 10−4 8.93 × 10−4 1.09 × 10−3 1.08 × 10−3 1.04 × 10−3 1.51 × 10−3 1.51 × 10−3 1.52 × 10−3 3.90 × 10−4 3.89 × 10−4 3.75 × 10−4

298.15 1.26 × 10−3 1.25 × 10−3 1.18 × 10−3 1.42 × 10−3 1.42 × 10−3 1.35 × 10−3 1.87 × 10−3 1.88 × 10−3 1.88 × 10−3 5.04 × 10−4 5.02 × 10−4 4.82 × 10−4

303.15 1.62 × 10−3 1.61 × 10−3 1.54 × 10−3 1.82 × 10−3 1.81 × 10−3 1.75 × 10−3 2.32 × 10−3 2.31 × 10−3 2.32 × 10−3 6.37 × 10−4 6.36 × 10−4 6.14 × 10−4

308.15 2.03 × 10−3 2.04 × 10−3 1.99 × 10−3 2.27 × 10−3 2.27 × 10−3 2.24 × 10−3 2.86 × 10−3 2.84 × 10−3 2.84 × 10−3 7.90 × 10−4 7.89 × 10−4 7.76 × 10−4

313.15 2.50 × 10−3 2.51 × 10−3 2.56 × 10−3 2.79 × 10−3 2.80 × 10−3 2.84 × 10−3 3.45 × 10−3 3.46 × 10−3 3.45 × 10−3 9.60 × 10−4 9.63 × 10−4 9.75 × 10−4

318.15 3.03 × 10−3 3.02 × 10−3 3.27 × 10−3 3.39 × 10−3 3.38 × 10−3 3.59 × 10−3 4.20 × 10−3 4.21 × 10−3 4.19 × 10−3 1.15 × 10−3 1.15 × 10−3 1.22 × 10−3

Cyclohexanone Acetone 1,4-Dioxane DMF
278.15 7.92 × 10−3 7.99 × 10−3 7.88 × 10−3 2.01 × 10−3 2.03 × 10−3 2.01 × 10−3 1.07 × 10−2 1.08 × 10−2 1.09 × 10−2

283.15 9.41 × 10−3 9.41 × 10−3 9.37 × 10−3 2.39 × 10−3 2.39 × 10−3 2.38 × 10−3 1.45 × 10−2 1.45 × 10−2 1.45 × 10−2

288.15 1.11 × 10−2 1.10 × 10−2 1.11 × 10−2 2.82 × 10−3 2.80 × 10−3 2.81 × 10−3 6.42 × 10−3 6.44 × 10−3 6.38 × 10−3 1.93 × 10−2 1.92 × 10−2 1.91 × 10−2

293.15 1.31 × 10−2 1.30 × 10−2 1.30 × 10−2 3.29 × 10−3 3.28 × 10−3 3.30 × 10−3 8.34 × 10−3 8.27 × 10−3 8.27 × 10−3 2.54 × 10−2 2.51 × 10−2 2.49 × 10−2

298.15 1.52 × 10−2 1.52 × 10−2 1.53 × 10−2 3.84 × 10−3 3.83 × 10−3 3.86 × 10−3 1.06 × 10−2 1.06 × 10−2 1.06 × 10−2 3.24 × 10−2 3.24 × 10−2 3.20 × 10−2

303.15 1.77 × 10−2 1.77 × 10−2 1.79 × 10−2 4.46 × 10−3 4.47 × 10−3 4.49 × 10−3 1.33 × 10−2 1.34 × 10−2 1.35 × 10−2 4.11 × 10−2 4.12 × 10−2 4.09 × 10−2

308.15 2.07 × 10−2 2.07 × 10−2 2.08 × 10−2 5.19 × 10−3 5.21 × 10−3 5.22 × 10−3 1.70 × 10−2 1.70 × 10−2 1.71 × 10−2 5.15 × 10−2 5.18 × 10−2 5.16 × 10−2

313.15 2.41 × 10−2 2.41 × 10−2 2.41 × 10−2 6.07 × 10−3 6.06 × 10−3 6.05 × 10−3 2.15 × 10−2 2.14 × 10−2 2.14 × 10−2 6.45 × 10−2 6.43 × 10−2 6.46 × 10−2

318.15 2.81 × 10−2 2.81 × 10−2 2.78 × 10−2 7.04 × 10−3 7.03 × 10−3 6.99 × 10−3 2.69 × 10−2 2.69 × 10−2 2.67 × 10−2 7.91 × 10−2 7.91 × 10−2 8.01 × 10−2

a Standard uncertainties u are u(T) =0.02 K, u(p) = 400 Pa, the relative standard uncertainty of mole solubility ur is
ur(x) = 0.06.

It can be easily found that the mole fraction solubility of ethyl candesartan increases
with the rising temperature in all solvents. The solubility values of ethyl candesartan were
found to be maximum in DMF (7.91 × 10−2), followed by cyclohexanone (2.81 × 10−2),
1,4-dioxanone (2.688 × 10−2), acetone (7.04 × 10−3), ethyl acetate (4.20 × 10−3), n-propanol
(3.69 × 10−3), isobutanol (3.38 × 10−3), methanol (3.17 × 10−3), n-butanol (3.03 × 10−3),
ethanol (2.83 × 10−3), isopropanol (2.69 × 10−3), and acetonitrile (1.15 × 10−2) at a tem-
perature of 318.15 K. Similar results of solubility sequence from large to small were also
obtained in other temperatures.

In alcohols, there is no obvious regularity in the order of molar fraction solubility.
However, the mass fraction solubility shows a certain degree of trend at 318.15 K; the
maximum data was observed in methanol, and the minimum was found in n-butanol.
As can be seen from Table 2, there is little difference in the solubility of mole fractions
in alcohols, and the trend of solubility curve is affected by the molecular weight of the
solvent. The order of mole fraction solubility values in non-alcoholic solvents, from large
to small, is DMF > cyclohexanone > 1,4-dioxanone > acetone > ethyl acetate > acetoni-
trile. Through the analysis of solvent properties in non-protonic select solvents, it was
found that the order of solubility is consistent with the sequence of hydrogen bond ba-
sicity (β) with the exception of 1,4-dioxane and acetone (βDMF = 0.69, βcyclohexanone = 0.53,
β1,4-dioxane = 0.37, βacetone = 0.43, βethyl acetate = 0.45 and βacetonitrile = 0.40). This phe-
nomenon could also be observed with the values of dipolarity/polarizability (π*) except
in 1,4-dioxane and acetonitrile (π*DMF = 0.88, π*cyclohexanone = 0.76, π*1,4-dioxane = 0.55,
π*acetone = 0.71, π*ethyl acetate = 0.55 and π*acetonitrile = 0.75) [20]. In aprotic solvents, except
for individual solvents, the solubility data decreases with the decreasing values of β and π*,
which indicates that the dissolution process of ethyl candesartan in selected pure solvents
is complicated, which may be caused by some combination of multiple factors. By ana-
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lyzing the molecular structure of the solute, it can be found that the -NH structure on the
heterocycle, as the only hydrogen proton donor, forms a hydrogen bond with the solvent
molecule. Especially in polar aprotic solvents, solute molecules play the role of Lewis acid.

3.3. Correlation Section

Based on the non-ideal solution, the modified Apelblat equation, Equation (1), has
already been one of the most commonly and widely used models in solubility correlation,
especially in engineering applications. It has a high accuracy to describe the function
between the solubility data and temperature in Kelvin, which can be expressed as fol-
lows [21–25]:

ln xw,T = A +
B
T
+ C ln T (1)

where xw,T is the mole fraction solubility of ethyl candesartan in different solvents at
temperature T in Kelvin. A, B, and C refer to the equation parameters.

The λh equation is another semi-empirical equation, which can also provide a good
description of the solid–liquid equilibrium in different solvents, as presented in Equa-
tion (2) [26–28]:

ln
[

1 +
λ(1 − x)

x

]
= λh

(
1
T
− 1

Tm

)
(2)

where λ and h are equation parameters, and Tm is the melting temperature of ethyl can-
desartan, 432.15 K, cited from ref. [29].

In order to evaluate the fitting accuracy and applicability of the selected two models
and for ethyl candesartan, the average relative deviation (ARD) was proposed to compare
the correlation results and is shown in Equation (3):

ARD =
1
N

N

∑
i = 1

∣∣∣∣ xe
i − xc

i
xe

i

∣∣∣∣ (3)

In Equation (3), N is the number of experimental points in each solvent. xe
i and xc

i
refer to the experimental and calculated mole fraction solubility values. The values of
ARD along with model parameters are listed in Table 3. All values of ARD in the modified
Apelblat equation are smaller than that in the λh equation. Moreover, the largest ARD data
in the modified Apelblat equation is 1.9% and observed in isopropanol; the maximum data
in the λh equation is 4.3% and found in n-butanol. The results may indicate two selected
models can provide a satisfactory correlation solubility of ethyl candesartan as crucial data
and model parameters in the industrial production process, while the modified Apelblat
equation shows the more suitable correlation with experimental data of ethyl candesartan
in selected pure solvents at all investigated temperatures.

Table 3. The results of model parameters along with ARD values.

Solvent
Modified Apelblat Equation λh Equation

A B C 102 ARD 100 λ h 102 ARD

Methanol 358.1 −20,259.5 −52.1 1.1 16.2 28,930.2 3.6
Ethanol 226.9 −14,430.3 −32.5 0.7 14.5 32,637.8 2.5

n-Propanol 193.6 −12,615.4 −27.7 1.3 13.5 32,011.2 2.5
Isopropanol 340.4 −19,633.8 −49. 4 1.9 15.5 31,305.1 2.9

n-Butanol 428.4 −23,457.7 −62.6 0.8 17.2 27,923.4 4.3
Isobutanol 320.3 −18,454.9 −46.5 0.6 15.6 29,266.2 3.8

Ethyl Acetate −37.3 −1822.6 6.5 0.7 8.4 43,701.2 0.9
Acetonitrile 295.4 −17,202.8 −43.0 0.9 4.3 101,448.0 3.1

Cyclohexanone −78.8 945.9 12.5 0.3 22.9 11,560.7 0.5
Acetone −79.8 958.6 12.5 0.4 5.2 49,105.4 0.5

1,4-Dioxane −75.2 −522.7 12.7 0.5 100.5 4352.1 0.7
DMF 113.4 −8933.7 −15.2 0.5 359.8 1255.3 1.0
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3.4. Quantitative Analysis of Interactions

The solute–solvent interactions are important parameters for the estimation of the
solubility of the solute in a given solvent system. In this work, different parameters
were used to quantify the solute–solvent interactions that occurred in the dissolution
process, including Abraham solvation parameters (APi), Hansen solubility parameters
(HPi), and Catalan parameters (CPi). [30,31] The numerical values of APi, HPi, and CPi for
the investigated solvents were tabulated in Table 4 [30–33]. The combined model could be
presented as:

ln x =

(
α0 +

5

∑
i = 1

αi,Ab APi+
3

∑
i = 1

αi,HPHPi+
4

∑
i = 1

αi,CPCPi

)
+

⎛⎜⎜⎜⎝
β0 +

5
∑

i = 1
βi,Ab APi+

3
∑

i = 1
βi,HPHPi+

4
∑

i = 1
βi,CPCPi

T

⎞⎟⎟⎟⎠ (4)

where α and β terms are the model parameters computed using regression analysis. Equa-
tion (4) was obtained from combining the van’t Hoff model and the APi, HPi, and CPi
parameters. The significant (p < 0.05) variables which are obtained from the regression
analysis of solubility data in mono solvents at various temperatures is:

ln x = (−23.416(±4.851) + 6.22(±1.075)v + 0.528(±0.062)δh − 2.02(±0.345)SA)+(
5111.558(±1460.518) − 662.582(±69.119)c + 279.251(±13.462)s − 128.103(±6.114)b − 2514.547(±325.425)v − 142.667(±18.05)δh + 3594.333(±224.505)SP

T

) (5)

where c, s, and v are APi parameters, δh is the HPi parameter, and SA and SP are CPi param-
eters. The quantitative analysis of solvent–solute interactions is presented in Equation (5)
with R = 0.995 (N = 106). The resulted ARD values for back-calculated solubility data using
Equation (5) are listed in Table 5; moreover, the predicted values are presented as well. The
maximum (20.6%) and minimum (3.3%) ARD values were observed for n-propanol and
isopropanol data sets. The reasons for large ARD data could be related to the error in the
experimental solubility determinations, inaccurate values of APi, HPi, and CPi parameters,
and some other undefined errors. In addition, the proposed model possesses some weak-
ness in cross validation, since it employs lots of model parameters; however, it is a starting
point to model the solubility data in mono solvents at various temperatures using a single
linear model.

Table 4. The numerical values of Abraham solvation parameters (APi), Hansen solubility parameters
(HPi), and Catalan parameters a.

Solvent
Abraham Hansen Catalan

c e s a b v δd δp δh SP SdP SA SB

Methanol 0.28 0.33 −0.71 0.24 −3.32 3.55 15.10 12.30 22.3 0.61 0.9 0.61 0.55
Ethanol 0.22 0.47 −1.04 0.33 −3.6 3.86 15.75 8.90 19.61 0.64 0.78 0.4 0.66

n-Propanol 0.13 0.38 −0.92 0.42 −3.49 3.82 16.00 6.80 17.40 0.66 0.75 0.37 0.78
Isopropanol 0.10 0.34 −1.05 0.41 −3.83 4.03 15.8 6.10 16.40 0.63 0.81 0.28 0.83

n-Butanol 0.17 0.40 −1.01 0.06 −3.96 4.04 16.00 5.70 15.80 0.67 0.66 0.34 0.81
Isobutanol 0.19 0.35 −1.13 0.02 −3.57 3.97 15.80 5.70 14.50 0.66 0.71 0.22 0.89

Ethyl Acetate 0.33 0.37 −0.45 −0.70 −4.90 4.15 15.80 5.30 7.20 0.66 0.60 0.00 0.54
Acetonitrile 0.41 0.08 0.33 −1.57 4.39 3.36 11.59 12.95 16.34 0.65 0.97 0.04 0.29

Cyclohexanone 0.04 0.23 0.06 −0.98 −4.84 4.32 17.80 6.30 5.10 0.77 0.75 0.00 0.48
Acetone 0.31 0.31 −0.12 −0.61 −4.75 3.94 15.50 10.40 7.00 0.65 0.91 0.00 0.48

1,4-Dioxane 0.10 0.35 −0.08 −0.56 −4.83 4.17 19.00 1.80 7.40 0.74 0.31 0.00 0.44
N,N-Dimethylformamide −0.31 −0.06 0.34 0.36 −4.87 4.49 17.4 13.70 11.3 0.76 0.98 0.03 0.61

a cited from Refs. [30–33].
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Table 5. The values of back-calculated logarithmic solubility data using Equation (5) along with ARD
results.

T

Solvent

lnx lnx (Pred) lnx lnx (Pred) lnx lnx (Pred) lnx lnx (Pred)

Methanol Ethanol n-Propanol Isopropanol

278.15 −7.87 −7.91 −8.03 −8.08 −7.57 −7.39 −8.08 −8.11
283.15 −7.55 −7.61 −7.67 −7.75 −7.31 −7.11 −7.78 −7.79
288.15 −7.26 −7.32 −7.38 −7.44 −7.01 −6.83 −7.49 −7.49
293.15 −6.93 −7.04 −7.09 −7.14 −6.71 −6.56 −7.16 −7.19
298.15 −6.63 −6.76 −6.8 −6.85 −6.45 −6.31 −6.85 −6.91
303.15 −6.39 −6.50 −6.53 −6.57 −6.23 −6.06 −6.57 −6.64
308.15 −6.16 −6.25 −6.31 −6.3 −6.01 −5.82 −6.34 −6.37
313.15 −5.95 −6.00 −6.09 −6.04 −5.81 −5.58 −6.12 −6.11
318.15 −5.75 −5.76 −5.87 −5.78 −5.6 −5.36 −5.92 −5.86
ARD 7.0% 5.3% 20.6% 3.3%

n-Butanol Isobutanol Ethyl Acetate Acetonitrile
278.15 −7.98 −7.82 −7.76 −7.87 −7.14 −7.09 −8.72 −8.62
283.15 −7.62 −7.51 −7.46 −7.58 −6.94 −6.85 −8.44 −8.36
288.15 −7.31 −7.22 −7.12 −7.31 −6.73 −6.62 −8.16 −8.11
293.15 −6.97 −6.94 −6.82 −7.04 −6.5 −6.41 −7.85 −7.87
298.15 −6.68 −6.66 −6.56 −6.78 −6.28 −6.19 −7.59 −7.63
303.15 −6.42 −6.4 −6.31 −6.52 −6.07 −5.99 −7.36 −7.41
308.15 −6.2 −6.14 −6.09 −6.28 −5.86 −5.79 −7.14 −7.19
313.15 −5.99 −5.9 −5.88 −6.04 −5.67 −5.6 −6.95 −6.98
318.15 −5.8 −5.66 −5.69 −5.82 −5.47 −5.42 −6.76 −6.77
ARD 8.4% 15.7% 8.1% 4.8%

Cyclohexanone Acetone 1,4-Dioxane N,N-Dimethylformamide
278.15 −4.84 −5 −6.21 −6.32 −4.54 −4.45
283.15 −4.67 −4.8 −6.04 −6.12 −4.23 −4.18
288.15 −4.5 −4.61 −5.87 −5.93 −5.05 −4.81 −3.95 −3.93
293.15 −4.34 −4.43 −5.72 −5.75 −4.79 −4.62 −3.67 −3.69
298.15 −4.18 −4.25 −5.56 −5.57 −4.55 −4.44 −3.43 −3.45
303.15 −4.04 −4.08 −5.41 −5.4 −4.32 −4.26 −3.19 −3.22
308.15 −3.88 −3.91 −5.26 −5.23 −4.07 −4.08 −2.97 −3
313.15 −3.72 −3.75 −5.1 −5.07 −3.84 −3.92 −2.74 −2.79
318.15 −3.57 −3.6 −4.96 −4.92 −3.62 −3.75 −2.54 −2.58
ARD 7.3% 4.3% 12.0% 3.9%

4. Conclusions

The mole fraction solubility of ethyl candesartan in selected mono solvents within
the temperature range of 278.15 to 318.15 K was measured. The largest solubility data of
ethyl candesartan were found in DMF, followed by cyclohexanone, 1,4-dioxanone, acetone,
ethyl acetate, n-propanol, isobutanol, methanol, n-butanol, ethanol, isopropanol, and
acetonitrile at each temperature. In aprotic solvents, except for individual solvents, the
solubility data decreases with the decreasing values of hydrogen bond basicity (β) and
dipolarity/polarizability (π*). The results of statistical analysis show that the modified
Apelblat equation is the more suitable correlation of experimental data for ethyl candesartan
in selected mono solvents at all investigated temperatures. Moreover, the results may
indicate the selected two models can provide satisfactory correlation solubility of ethyl
candesartan as crucial data and model parameters in the industrial production process
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Abstract: A numerical application has been carried out to determine the thermophysical properties
of more than fifty pure liquid compounds involved in the production process of cyclohexanone,
whose real values are unknown, in many cases. Two group-contribution methods, the Joback and the
Marrero–Gani methods, both used in the fields of physicochemistry and engineering, are employed.
Both methods were implemented to evaluate critical properties, phase transition properties, and
others, which are required for their use in industrial process simulation/design. The quality of the
estimates is evaluated by comparing them with those from the literature, where available. In general,
both models provide acceptable predictions, although each of them shows improvement for some of
the properties considered, recommending their use, when required.

Keywords: cyclohexanone; group-contribution methods; Joback method; Marrero–Gani method

1. Introduction

In a previous work [1], an exhaustive analysis was carried out on the possibilities of
the separation of a set of substances generated in the production process of cyclohexanone,
the base compound for the manufacture of nylon-6, used in the textile industry. However,
the indicated process is not direct, intermediate processes being necessary to obtain ε-
caprolactam, a precursor of nylon-6. Therefore, the production of cyclohexanone as a
raw material for different industrial processes, including different types of nylon, is high,
currently at approximately 6 MTm/year [2]. In addition, the quality requirements of the
cyclic ketone are also high, and the purification process from cyclohexane is complex, as
shown in Figure 1. This makes it necessary to optimize the different separation stages, both
technically and economically, whose performance represents an important area of work in
the field of chemical engineering, requiring an appropriate modeling with the support of
the mathematics-thermodynamics binomial.

According to Figure 1, cyclohexanone is obtained by the oxidation of cyclohexane,
producing, in addition to cyclohexanone, cyclohexanol, cyclohexyl hydroperoxide, and
many other compounds, in smaller proportion. The last-mentioned compound is recon-
verted (after washing with water and alkalis) into the first two, after removing undesirable
compounds by decantation. The resulting solution is subjected to distillation, separating
the unreacted cyclohexane in the first unit and recycled into the initial process unit, while
the cyclohexanol is dehydrogenated to convert it to cyclohexanone. The aforementioned
operations, as defined, suggest a simple development of the global process; however, the
current development of the process is quite different due to the formation, during the differ-
ent stages, of many compounds (more than fifty, although they are considered secondary)
that are produced from the beginning with the oxidation of cyclohexane, and in varying
quantities, some of them unidentified up until now [3–10].

Liquids 2022, 2, 413–431. https://doi.org/10.3390/liquids2040024 https://www.mdpi.com/journal/liquids
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Figure 1. Scheme indicating the different operation units existing in the cyclohexanone production
process.

Many of the compounds discovered in various cyclohexanone production plants are
shown in Appendix A, indicating the process streams in which they are found. Some of
these substances do not pose a problem for the quality of cyclohexanone, either because
they are easy to separate, e.g., cyclohexane (streams 1, 3, 5, 7, 9, 11) or cyclohexylidene-
cyclohexanone (stream 16), see Figure 1, or because they are only present when the process
operates outside its normal conditions, such as 5-hexenal (stream 19 in Figure 1). However,
other substances are likely to contaminate cyclohexanone, creating the need to design
appropriate separation operations to remove the most undesirable substances. Appendix B
shows a list of substances that influence the global process, including some common
substances, such as phenol and toluene, as well as many others that are unusual and little
studied, whose properties are unknown. In any case, the design of separation processes
depends on the availability of the physicochemical information for the substances involved,
as well as their solutions. The most important information required, such as boiling
temperatures, enthalpies of change of state, thermal capacities, and critical properties,
among others, are used to define the corresponding operation units.

The necessary information is obtained through direct experimentation and with
appropriate equipment; however, these actions are costly, both in terms of money and time.
Without ignoring the importance of experimental work, in the chemical engineering field,
the theoretical estimation methods are sometimes used to generate approximate values of
the properties involved in the design of operations. In the literature [11–15], there are many
methods for estimating the thermophysical properties of pure substances and solutions; of
these, the so-called “group contribution methods” (GCM) prove to be useful and easy to use
in practical engineering cases. A GCM is generated as a mathematical tool that combines
the particular contributions of each of the functional groups present in the molecules of a
compound/system to the calculation of a given thermophysical property. In a previous
work [1], the Joback method [14] was used to discriminate between positional isomers, but
an exhaustive assessment of the reliability of the estimates was not performed.

Once the necessity of certain properties of a large number of substances—more than
fifty involved in the global process, shown in Figure 1—is known, the goal of this work is to
estimate these requirements to achieve the process design. For this, two GCM procedures
were used: the Joback, previously mentioned, and the Marrero–Gani [15], checking the
results to determine their reliability given the different levels of theory of both methodolo-
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gies, which will be quantified by comparing the predicted results with the values available
in the literature.

2. Two Group-Contribution Methods for Estimating Properties of Pure Substances

The GCMs are based on the assumption that the properties of a chemical compound
can be calculated by combining, by means of certain procedures (differeing according
to the method), the contribution to that property of the different “fragments” that make
up its molecule. To do this, the molecule is broken down using “standardized” entities
or “groups”, varying depending on the method. To each group (see Figures 2 and 3) is
assigned a numerical parameter that quantifies its contribution to the studied property.
This approach makes it possible to calculate the properties of a substance by determining
the number of groups of each type present in the molecule and then applying a simple
calculation defined by the corresponding method. In the first-order GCMs, the contribution
of each group is assumed to be independent of its environment and of other groups. There-
fore, by using experimental data of the compounds containing that group, the contribution
of the parameter associated with it can be determined. In this way, the values obtained can
be used to estimate the properties of other substances for which experimental information
is not available.

Figure 2. Decomposition of molecules according to the Joback method [14]. (a) Cyclohexene,
(b) 2-cyclohexen-1-one.

 

Figure 3. Decomposition of molecules according to Marrero–Gani method [15]. (a) Cyclohexene,
(b) 2-cyclohexen-1-one.

One of the best known first-order methods for estimating the properties of pure
substances is the Joback [14] method used in this work, since it has been shown to produce
estimates with acceptable accuracy and, in addition, it can be applied to a wide variety
of groups and properties, characteristics that justify its relevance as a tool in chemical
engineering calculations.

The major drawback of the Joback method, and also of others classified as first-
order methods, is that they do not differentiate the calculation for the case of molecules
constituting the so-called position isomers. These methods are also unsuitable for complex
molecules for which the chemical environment significantly influences the thermophysical
behavior. These deficiencies are corrected by the higher-order qualified methods, as they
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include additional groups produced by combinations of lower-order groups, and whose
parameters take into account the effect caused by the chemical environment. Marrero and
Gani [15] developed a method that includes groups of several levels (specifically three),
producing acceptable results. Therefore, this method, along with the Joback method, is used
in this work to determine the properties of the selected compounds, as described briefly in
the following section, with examples illustrating the specific calculation procedures.

2.1. The Joback Method

In this procedure, the contributions of the groups generate a parameter in a charac-
teristic equation defined for each property with which the estimation is achieved. The au-
thors [14] provide equations for different thermophysical quantities, such as boiling temper-
atures To

b , melting temperatures To
m, enthalpies of changes of state, vaporization enthalpies

Δho
v, melting enthalpies Δho

m, enthalpies of formation Δho
f , Gibbs energy formation Δgo

f ,
isobaric thermal capacities, cp, and critical properties; pc, vc, Tc. Table A1 of Appendix C
compiles the calculation equations for each of these properties, showing the characteristic
parameters of the groups of each property in the second column of the table, whose values
are quantified [14]. To estimate the molecule’s properties, it is broken down into the groups
identified by Joback [14], as shown in Figure 2, with two specific cases taken as examples:
cyclohexene and 2-cyclohexen-1-one. Once the groups have been identified and quantified,
this method multiplies the parameter of each group by adding the value obtained for all
the groups. With these values, the property is estimated using the expressions shown in
the third column of Table A1. Table 1 shows the values obtained for the critical properties
of the two species chosen in Figure 2, comparing the results with those from the literature,
as indicated.

Table 1. Groups for cyclohexene and 2-cyclohexen-1-one, according to Joback method [14], and the
contribution terms for critical properties. Nk is the number of groups in the molecules; τc,k, πc,k, υc,k

are the contributing parameters corresponding to Tc, pc, and vc, respectively. The calculated values
and those estimated by the procedure are shown.

Compounds Groups Nk τc,k πc,k υc,k

Cyclohexene
–CH2– 4 0.0100 0.0025 48
=CH– 2 0.0082 0.0011 41
total: 0.0564 0.0122 274

estimated→ Tc/K = 567 pc/bar = 43.3 vc/cm3·mol−1 = 291
from ref. [16] Tc/K = 560.4 pc/bar = 48.41 vc/cm3·mol−1 = 377.4

2-Cyclohexen-1-one

–CH2– 3 0.0100 0.0025 48
=CH– 2 0.0082 0.0011 41
>C=O 1 0.0284 0.0028 55
total: 0.0784 0.0125 281

estimated→ Tc/K = 655 pc/bar = 45.3 vc/cm3·mol−1 = 298
from ref. [17] Tc/K = 685.0 pc/bar = 45.30 vc/cm3·mol−1 = 304.9

2.2. Marrero–Gani Method

This procedure [15], pointed out in the previous section as of higher order, uses groups
in three different orders. The first-order groups correspond to those with a single functional
group and divide the molecule into fragments similar to those used in the Joback method,
e.g., linear alkanes and monofunctional compounds. Second-order groups are used to
improve the estimation of branched and polyfunctional compounds, with a maximum
of one aromatic ring; these groups are established by combining two or more functional
groups. Lastly, third-order groups are used to represent polycyclic compounds and specific
combinations of functional groups, allowing the method to make satisfactory estimates
of complex molecules. As in the Joback method, the Marrero–Gani method allows the
same properties to be estimated, with the exception of the isobaric thermal capacity. The
corresponding mathematical equations of this procedure are presented in Appendix D.
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The application of the method to the same compounds chosen as examples in Section 2.1
requires the generation of the groups in the molecules. Figure 3a shows that those with
first-order groups corresponding to cyclohexene coincide with those in the Joback method
(Figure 2a), with the addition of the second-order groups. However, 2-cyclohexen-1-one
is a polyfunctional compound, containing both first- and second-order groups, as shown
in Figure 2b. Table 2 shows the results obtained with the application of the Marrero–Gani
method to the estimation of the critical properties of the two selected molecules, comparing
the results with those from the literature.

Table 2. Groups for cyclohexene and 2-cyclohexen-1-one, according to Marrero–Gani method [15],
and contribution parameters for critical properties. Nk is the number of groups in the molecules, and
j is the group order. Calculated values and those estimated by the procedure are shown.

Compounds Groups j Nk Tc,i,j pc,i,j vc,i,j

Cyclohexene
CH2 (cyc) 1º 4 1.8815 0.009884 49.24

CH=CH (cyc) 1º 1 3.6426 0.013815 83.91
total: 11.1686 0.053351 280.87

estimated→ Tc/K = 558 pc/bar = 43.9 vc/cm3·mol−1 = 289
from ref. [16] Tc/K = 560.4 pc/bar = 48.41 vc/cm3·mol−1 = 377.4

2-Cyclohexen-1-one

CH2 (cyc) 1º 3 1.8815 0.009884 49.24
CH=CH (cyc) 1º 1 3.6426 0.013815 83.91

CO (cyc) 1º 1 12.6396 −0.000207 57.38
total: 21.9267 0.043260 289.01

estimated→ Tc/K = 714 pc/bar = 49 vc/cm3·mol−1 = 297
from ref. [17] Tc/K = 685.0 pc/bar = 45.30 vc/cm3·mol−1 = 304.9

3. Evaluation of Estimates for the Selected Substances

The numerical results obtained for the different properties for all the compounds
selected, estimated with the Joback and Marrero–Gani methods, are given in Appendix C
(Table A2) and Appendix D (Table A5), respectively. A comparison with the values available
in the literature is made in this section.

3.1. Evaluation of Temperatures and Enthalpies of Phase Transition

Figure 4a compares the values found [16–30] for the boiling temperatures, To
b , and the

estimates obtained by both methods, showing the existence of a direct correlation. The
Joback method produces greater dispersion in the results than does the Marrero–Gani
method, which is reflected in a lower R2 coefficient. The residuals yield an average error of
2.2% for the Joback method, and a slightly lower average error of 0.6% for the Marrero–Gani
method, the average standard deviation of the former, 12.5 K, being higher than that of the
latter, 4.5 K.

Figure 4b shows the comparison of the estimates made using both methods for the
melting temperatures, To

m, in relation to the values found in the literature [16,23,24,29–40].
In general, both methods present estimates with a lower order than the To

b , the average
errors for both methods being close to 9%, with average standard deviations of 32 K for the
Joback method and 25 K for the Marrero–Gani method.

Figure 5a compares the estimates of enthalpies of vaporization, Δho
v with the literature

values [16,20,24,41–48]. Both methods yield similar results, with average errors of 15.3%,
for the Joback method, and 19.7%, for the Marrero–Gani method. The similarity is greater
for the case of melting enthalpies, Δho

m [16,30,31,46–50], Figure 5b, yielding average error
values of 15.9%, with Marrero–Gani method, and 16.9%, with the Joback method. However,
in both cases, the determination coefficient for the melting enthalpy is very small.
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Figure 4. (a) Comparison between the boiling temperatures, To
b,lit, from literature and those estimated,

To
b,cal, by the methods of Joback ( ) and Marrero–Gani ( ). (b) Analogous comparison for the melting

temperatures. Labels correspond to the order of compounds established in Appendix B.

  

Figure 5. Comparison between the enthalpies of phase transition obtained by the methods of Joback
( ) and Marrero–Gani ( ) and those from the literature: (a) vaporization enthalpies; (b) melting
enthalpies. Labels correspond to the order of compounds, as shown in Appendix B.

3.2. Critical Properties

Comparison with literature data [16,17,24,39,51–57] of the critical temperatures, Tc, is
shown in Figure 6a–c, and the estimates are considered acceptable. The two methods
show good experimental vs. model correlations; those of the Marrero–Gani method
rise to an average error of 3.5%, compared to 2.9% according to the Joback method.
In contrast, the critical pressure pc is slightly better represented by the Marrero–Gani
method (5.7%) than by the Joback method (6.2%). The results for the critical volume,
vc, yield errors of 5.9% (Marrero–Gani) and 4.6% (Joback), although the information for
this property is currently scarce. Numerical values of all those properties are shown in
Tables A2 and A5 of the Appendices C and D.

3.3. Estimation of Enthalpies of Formation and Thermal Capacities

The amount of information available for the enthalpies of formation, Δho
f [16,24,58–67],

and thermal capacities, cp [16,50,64,68–73], is reduced for the set of selected compounds;
therefore, the comments made in this work on these properties cannot be assessed generi-
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cally. The estimation of Δho
f is acceptable using both models, as shown in Figure 7a. The

average errors are around 12% for the Joback method and much higher—21%—for the
Marrero–Gani method. The estimation of the cps is only conducted using the Joback method
(Figure 7b), with a systematic deviation that underestimates the value of the property with
respect to the experimental values, showing an average error of more than 32%.

  

 

Figure 6. Comparison between the critical properties obtained from the literature and those calculated
by the methods of Joback ( ) and Marrero–Gani ( ): (a) critical temperature; (b) critical pressure;
(c) critical volume. Labels correspond to the order of compounds, as shown in Appendix B.

  

Figure 7. (a) Comparison between the enthalpies of formation obtained from literature and those
calculated by the methods of Joback ( ) and Marrero–Gani ( ). (b) Comparison between the thermal
capacities obtained from literature and those calculated by the Joback method. Labels correspond to
the order of compounds, as shown in Appendix B.
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4. Conclusions

Estimates are presented for different properties of a set of substances involved in the
cyclohexanone production process, as obtained using two group-contribution methods: the
Joback method [14] and the Marrero–Gani method [15]. The predictions made are evaluated
by comparing the results with those available in the experimental research. The latter does
not lead to a clear choice of one method over the other, as the comparisons made do not
sufficiently clarify the preference.

The Marrero–Gani method has a higher level of theory, since it uses groups of different
orders, which allows it to be used for isomeric compounds. In general, it produces better
results for most properties, with the exception of the melting enthalpy, critical temperature,
and critical volume, which are better represented by the Joback method. The latter can also
be used to estimate thermal capacities. Despite these differences and the assessment of the
small errors obtained with both methods, at least statistically, it is acceptable to use either
of the two procedures. The major advantage of using the Joback method is that it is simpler,
where appropriate.

In summary, the use of any of these methods provides a rapid and reasonably reliable
approximation of the different properties required to address a given analysis or simulation
in order to optimize the cyclohexanone production process. For a practical case, the
methods used have served to estimate boiling temperatures and critical properties, which
are important for evaluating the distillation process of the towers shown in Figure 1.
Likewise, the approximation obtained for the enthalpies of phase change, especially those
of vaporization and thermal capacities, facilitates the design of the heat exchangers, such
as the reboilers and condensers of the towers mentioned. The properties corresponding to
the enthalpies of formation and the Gibbs energies are involved in the prediction of the
complex reactions that take place in the different stages of the global process.
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Appendix A. Compounds Present in the Streams of the Cyclohexanone Production Process

1. Cyclohexane feeding; cyclohexane, hydrocarbons.
2. Oxidant supply; air.
3. Entrance to oxidation; cyclohexane, hydrocarbons, cyclohexanone, cyclohexanol, light

oxides.
4. Nitrogen.
5. Oxidation effluent; cyclohexane, cyclohexanone, cyclohexanol, light and heavy oxi-

dized, peroxides, formic acid, acetic acid, other monocarboxylic acids, dicarboxylic
acids, esters, butanol, pentanol, cyclopentanone, cyclopentanol, 2-pentanone, 2-
cyclo-hexen-1-one, cyclohexene, 2-methylcyclopentanone, methylcyclopentanol, hep-
tanones, 2-methyl-3-heptanone, 1,3-cyclohexanedione, 1,2-cyclohexanediol, methylcy-
clohexanols, ethers.

6. Washing water; water.
7. Washing emulsion; water, cyclohexane, cyclohexanone, cyclohexanol, light and heavy

oxidized, peroxides, formic acid, acetic acid, other monocarboxylic acids, dicarboxylic
acids, esters, butanol, pentanol, cyclopentanone, cyclopentanol, 2-pentanone, 2-cyclo
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hexen-1-one, cyclohexene, 2-methylcyclopentanone, 1-methylcyclopentanol, hep-
tanones, 2-methyl-3-heptanone, 1,3-cyclohexanedione, 1,2-cyclohexanediol, methylcy-
clohexanols, ethers.

8. Acid water; water, formic acid, acetic acid, other monocarboxylic acids.
9. Oxidized product; cyclohexane, cyclohexanone, cyclohexanol, light and heavy oxi-

dized, peroxides, monocarboxylic acids, dicarboxylic acids, esters, butanol, pentanol,
cyclopentanone, cyclopentanol, 2-pentanone, 2-cyclohexen-1-one, cyclohexene, 2-
methyl cyclopentanone, 1-methylcyclopentanol, heptanones, 2-methyl-3-heptanone,
1,3-cyclo hexanedione, 1,2-cyclohexanediol, methylcyclohexanols, ethers.

10. Alkali; water, sodium hydroxide.
11. Saponification emulsion; water, sodium hydroxide, cyclohexane, cyclohexanone, cy-

clohexanol, light and heavy oxidized, peroxides, monocarboxylic acids, dicarboxylic
acids, esters, butanol, pentanol, cyclopentanone, cyclopentanol, 2-pentanone, cyclo-
hexenone, cyclohexene, methylcyclopentanone, methylcyclopentanol, heptanones,
methylheptanone, cyclohexanedione, cyclohexanediol, methylcyclohexanols, ethers.

12. Sodium salts; sodium hydroxide, sodium salts.
13. Saponified product; sodium hydroxide, cyclohexanone, cyclohexanol, light oxidized.
14. Cx I recycle; cyclohexanone, cyclohexanol, light oxides.
15. KA-Oil; cyclohexanone, cyclohexanol, oxides, alcohols, aldehydes and ketones.
16. Purified cyclohexanone; butanol, pentanol, cyclopentanol, cyclopentanone, 5-hexenal,

hexanal, 2-hexanone, cyclohexanone, cyclohexanol, 2-cyclohexen-1-one, heptanones,
methylcyclohexanones, butylcyclohexane, cyclohexyl-butyl-ether.

17. Residue from the purification of cyclohexanone; cyclohexanol, 2-cyclohexen-1-one,
2-cyclohexen-1-ol, heptanones, methylcyclohexanones, butylcyclohexane, cyclohexyl-
butyl-ether, cyclohexene oxides, cyclohexylidene-cyclohexanone, cyclohexanone oligo
mers, pentylcyclohexane, cyclohexyl acetate, other light/heavy condensation prod-
ucts.

18. Heavy-residue; cyclohexylidene-cyclohexanone, cyclohexanone oligomers, heavy
condensation products.

19. Cyclohexanol for dehydrogenation; cyclohexanone, cyclohexanol, 2-cyclohexen-1-one,
2-cyclohexen-1-ol, heptanones, methylcyclohexanones, butylcyclohexane, cyclohexyl-
butyl-ether, cyclohexene oxides, cyclohexylidene-cyclohexanone, cyclohexa-none
oligomers, n-pentylcyclohexane, cyclohexyl acetate, other light/heavy condensation
products.

20. Cyclohexanol recycle; cyclopentanol, hexanal, 2-hexanone, cyclohexanone, cyclo-
hexanol, cyclohexenone, cyclohexenol, heptanones, methylcyclohexanone, cyclohexyl-
butyl ether.

21. Hydrogen.

Appendix B. Compounds Involved in the Production Process of Cyclohexanone

Order number, compound, empirical formula, structure, and CAS number are indi-
cated.

No. Compound Formula Chemical Structure CAS#

1 acetic acid C2H4O2
 

64-19-7

2 1,1′-bicyclohexyl C12H22  92-51-3
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No. Compound Formula Chemical Structure CAS#

3 [1,1′-bicyclohexyl]-2,3′-dione C12H18O2  
55265-34-4

4 1-butanol C4H10O  71-36-3

5 butoxycyclohexane C10H20O
 

24072-44-4

6 butylcyclohexane C10H20  1678-93-9

7 2-butylcyclohexanone C10H18O
 

1126-18-7

8 cycloheptanone C7H12O  502-42-1

9 1,2-cyclohexanediol C6H12O2 931-17-9

10 1,3-cyclohexanedione C6H8O2
 

504-02-9

11 cyclohexanol C6H12O  108-93-0

12 cyclohexanone C6H10O  108-94-1

13 2-cyclohexen-1-ol C6H8O  822-67-3

14 2-cyclohexen-1-one C6H8O  930-68-7

15 1-(1-cyclohexen-1-yl)-2-propanone C9H14O
 

768-50-3
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No. Compound Formula Chemical Structure CAS#

16 cyclohexene C6H10  110-83-8

17 cyclohexyl acetone C9H16O
 

103-78-6

18 cyclohexyl butanoate C10H18O2  1551-44-6

19 cyclohexyl ethanone C8H14O  823-76-7

20 cyclohexyl ethanoate C8H14O2  
622-45-7

21 cyclohexyl ether C12H22O  4645-15-2

22 cyclohexyl hexanoate C12H22O2  
6243-10-3

23 cyclohexyl pentanoate C11H20O2  
1551-43-5

24 2-cyclohexylidencyclohexanone C12H18O
 

1011-12-7

25 cyclopentanol C5H10O  96-41-3

26 cyclopentanone C7H8O  120-92-3

27 3,3-dimethylhexane C8H18  
563-16-6
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No. Compound Formula Chemical Structure CAS#

28 4-(1,1-dimethylpropyl)cyclohexanone C11H20O
 

16587-71-6

29 2-ethylidenecyclohexanone C8H12O
 

1122-25-4

30 formic acid CH2O2
 

64-18-6

31 2-heptanone C7H14O
 

110-43-0

32 3-heptanone C7H14O  106-35-4

33 hexanal C6H12O  66-25-1

34 2-hexanone C6H12O  591-78-6

35 5-hexenal C6H10O  764-59-0

36 1-methoxycyclohexane C7H14O  931-56-6

37
5-methyl-2-

isopropylidenecyclohexanone
C10H16O

 
15932-80-6

38 2-methyl-3-heptanone C8H16O
 

13019-20-0

39 methylcyclohexane C7H14  108-87-2
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No. Compound Formula Chemical Structure CAS#

40 2-methylcyclohexanone C7H12O
 

583-60-8

41 3-methylcyclohexanone C7H12O
 

591-24-2

42 methylcyclopentane C6H12  
96-37-7

43 1-methylcyclopentanol C6H12O  1462-03-9

44 (1-methylethyl)cyclohexane C9H18  696-29-7

45 2-methylcyclopentanone C6H10O 1120-72-5

46 1-pentanol C5H12O  71-41-0

47 2-pentanone C5H10O
 

107-87-9

48 3-pentyl-1-cyclohexene C11H20  15232-92-5

49 pentylcyclohexane C11H22  4292-92-6

50 phenol C6H6O  108-95-2

51 p-tert-butylcyclohexanol C10H20O 98-52-2

165



Liquids 2022, 2

No. Compound Formula Chemical Structure CAS#

52 2-tetrahydrofurylmethanol C5H10O2  97-99-4

53 1,2,3,4-tetrahydronaphthalene C10H12  119-64-2

54 toluene C7H8  108-88-3

Appendix C. Mathematics of the Joback Method

Equations used to estimate the thermophysical properties of pure substances by the
Joback method are compiled in Table A1. The estimated values for the selected compounds
in this work are shown in Table A2.

Table A1. Parameters and equations used in the Joback method.

Property Parameter Equation

Boiling temperature/K τb,k To
b = 198.2 + ∑

k
Nkτb,k

Melting temperature/K τf,k To
m = 122.5 + ∑

k
Nkτf,k

Critical temperature/K τc,k Tc = Tb

[
0.584 + 0.965∑

k
Nkτc,k −

(
∑
k

Nkτc,k

)2
]−1

Critical pressure/bar πc,k pc =

(
0.113 + 0.0032Natoms − ∑

k
Nkπc,k

)−2

Critical volume/cm3·mol−1 υc,k vc = 17.5 + ∑
k

Nkυc,k

Gibbs energy of formation/kJ·kmol−1 Δgf,k Δgo
f = 53.88 + ∑

k
NkΔgf,k

Enthalpy of formation/kJ·kmol−1 Δhf,k Δho
f = 68.29 + ∑

k
NkΔhf,k

Enthalpy of vaporization/kJ·kmol−1 Δhv,k Δho
v = 15.3 + ∑

k
NkΔhv,k

Enthalpy of melting/kJ·kmol−1 Δhm,k Δho
m = −0.88 + ∑

k
NkΔhm,k

Isobaric thermal capacity/kJ·kmol−1·K−1
cA

p,k; cB
p,k

cC
p,k; cD

p,k

co
p = ∑

k
NkcA

p,k − 37.93 + T
(

∑
k

NkcB
p,k + 0.210

)
+

+T2
(

∑
k

NkcC
p,k − 3.91·10−4

)
+ T3

(
∑
k

NkcD
p,k + 2.06·10−7

)
where Nk is the number of groups of type “k” in the molecule whose properties are to be calculated and Natoms
is the total number of atoms in it. The parameters τb,k, τf,k, τc,k, and are the group contributions for the boiling,
melting, and critical temperatures, respectively; πc,k is the contribution parameter for the critical pressure, υc,k is
that of the critical volume, Δgf,k is the group contribution parameter for the Gibbs energy of formation, and Δhf,k,
Δhv,k, Δhm,k are those corresponding to the enthalpies of formation, vaporization and melting, respectively; cA

p,k;

cB
p,k; cC

p,k; cD
p,k are the group contributions to calculate the thermal capacities.

Table A2. Properties estimated by the Joback method [14] for the selected compounds in this work.

No. Compound
To

b
K

To
m

K
Tc

K
pc

bar
vc

m3/kmol
Δho

f

kJ/mol
Δgo

f
kJ/mol

Δho
v

kJ/mol
Δho

m

kJ/mol

cp

(298 K)
J/(molK)

1 acetic acid 390.7 272.9 587.3 57.31 0.171 −434.8 −377.9 40.67 11.08 65.7
2 1,1′-bicyclohexyl 544.3 262.8 782.6 27.35 0.587 −320.5 0.8 47.85 16.39 275.0
3 [1,1′-bicyclohexyl]-2,3′-dione 648.7 376.2 909.1 27.99 0.588 −457.8 −146.1 63.11 9.53 219.2
4 1-butanol 406.7 190.1 571.1 39.76 0.344 −354.6 −198.0 43.25 12.87 138.0
5 butoxycyclohexane 470.2 232.1 665.9 25.25 0.547 −327.6 −47.2 40.69 14.68 238.0
6 butylcyclohexane 447.8 209.8 644.6 25.69 0.529 −195.4 57.8 38.28 13.49 223.0
7 2-butylcyclohexanone 515.6 278.1 729.1 26.63 0.536 −333.1 −64.8 42.53 13.00 228.0
8 cycloheptanone 455.9 245 689.2 39.46 0.361 −257.0 −94.5 36.33 2.06 123.0
9 1,2-cyclohexanediol 502.8 358.9 720.4 34.8 0.342 −464.9 −273.6 53.77 16.55 195.0
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No. Compound
To

b
K

To
m

K
Tc

K
pc

bar
vc

m3/kmol
Δho

f

kJ/mol
Δgo

f
kJ/mol

Δho
v

kJ/mol
Δho

m

kJ/mol

cp

(298 K)
J/(molK)

10 1,3-cyclohexanedione 496.5 305.4 743.3 45.29 0.319 −367.9 −213.3 48.19 1.08 114.7
11 cyclohexanol 431.9 264 654.6 49.25 0.270 −278.7 −120.9 41.73 9.30 147.0
12 cyclohexanone 428.7 237.2 656.0 43.23 0.313 −230.2 −90.8 33.94 1.57 105.0
13 2-cyclohexen-1-ol 431.0 264.7 656.2 62.89 0.257 −220.9 −90.9 42.02 10.53 140.0
14 2-cyclohexen-1-one 427.9 238 654.8 45.35 0.299 −172.4 −60.8 34.23 2.79 97.5
15 1-(1-cyclohexen-1-yl)-2-propanone 488.6 271.8 707.4 34.04 0.458 −180.8 12.0 43.46 14.40 190.0
16 cyclohexene 360.1 169.8 566.9 43.28 0.292 −34.7 61.8 29.98 3.28 92.6
17 cyclohexylacetone 478.7 248.5 689.0 30.39 0.479 −287.4 −79.6 42.80 12.50 201.0
18 cyclohexyl butanoate 506.0 252.2 708.4 25.82 0.555 −512.7 −252.6 45.69 17.86 239.0
19 cyclohexylethanone 455.9 237.2 669.2 33.88 0.423 −266.7 −88.0 40.58 9.91 178.0
20 cyclohexyl ethanoate 460.2 229.1 668.4 41.52 0.443 −471.4 −269.4 40.94 14.44 169.0
21 cyclohexyl ether 544.3 262.8 782.6 26.46 0.587 −320.5 0.8 47.85 16.39 275.0
22 cyclohexyl hexanoate 551.7 274.7 748.6 21.43 0.667 −554.0 −235.8 50.14 23.04 285.0
23 cyclohexyl pentanoate 528.9 263.4 728.5 23.47 0.611 −533.3 −244.2 47.92 20.45 262.0
24 2-cyclohexylidencyclohexanone 621.1 362.1 872.0 27.33 0.606 −235.8 43.5 59.44 11.56 220.1
25 cyclopentanol 404.7 256.2 621.0 54.55 0.223 −251.9 −117.2 39.33 8.81 129.0
26 cyclopentanone 401.6 229.5 622.3 47.56 0.265 −203.4 −87.1 31.54 1.08 87.0
27 3,3-dimethylhexane 379.2 182.3 553.4 25.85 0.473 −217.2 19.3 34.77 14.67 184.0
28 4-(1,1-dimethylpropyl)cyclohexanone 535.2 291.8 758.9 24.63 0.581 −362.5 −53.6 46.13 13.79 251.0
29 2-ethylidenecyclohexanone 481.1 270.1 709.8 35.26 0.408 −195.5 −28.5 39.62 7.07 142.0
30 formic acid 363.1 203.8 534.4 75.88 0.127 −301.8 −278.6 43.65 4.72 46.1
31 2-heptanone 413.4 218.58 590.0 29.96 0.434 −300.4 −120.9 39.08 15.49 167.3
32 3-heptanone 413.4 218.58 590.0 29.96 0.434 −300.4 −120.9 39.08 15.49 167.3
33 hexanal 385.3 198.9 557.8 36.47 0.389 −252.8 −99.9 35.37 15.35 148.0
34 2-hexanone 390.6 206.8 568.1 35.99 0.378 −279.8 −129.3 35.30 14.66 144.0
35 5-hexenal 382.0 197.1 558.1 35.52 0.370 −127.3 −12.0 34.70 14.07 137.0
36 1-Methoxycyclohexane 374.4 190.5 569.6 33.53 0.331 −238.9 −68.8 31.62 6.42 151.0
37 5-methyl-2-isopropylidenecyclohexanone 522.1 274.5 755.1 27.58 0.520 −266.9 −27.9 43.40 12.01 219.0
38 2-methyl-3-heptanone 435.8 214.8 615.2 27.27 0.483 −326.3 −114.8 40.96 14.55 189.2
39 Methylcyclohexane 379.1 176 581.6 35.22 0.361 −133.5 32.5 31.61 5.72 155.0
40 2-methylcyclohexanone 352.0 168.28 546.9 38.39 0.313 −106.7 36.2 29.40 5.23 112.6
41 3-methylcyclohexanone 352.0 168.28 546.9 38.39 0.313 −106.7 36.2 29.40 5.23 112.6
42 1-methylcyclopentanol 427.8 291.4 651.6 50.66 0.277 −257.3 −114.3 40.41 5.11 121.0
43 2-methylcyclopentanone 419.8 236.5 637.4 40.11 0.320 −244.4 −86.4 37.61 4.74 117.5
44 (1-methylethyl)cyclohexane 424.4 183.6 628.2 28.63 0.467 −180.1 46.9 35.67 7.38 200.0
45 methylcyclopentanone 351.9 168.2 546.9 38.39 0.312 −106.6 36.1 29.40 5.23 111.7
46 1-pentanol 406.0 206.9 567.6 38.77 0.335 −298.8 −145.6 43.40 12.79 131.0
47 2-pentanone 367.6 196 545.9 37.41 0.321 −259.1 −137.7 33.96 10.30 120.7
48 3-pentyl-1-cyclohexene 469.8 221.9 666.3 24.19 0.571 −158.3 96.2 40.80 17.30 239.0
49 pentylcyclohexane 470.6 221.1 665.2 23.36 0.585 −216.1 66.2 40.51 16.08 246.0
50 phenol 439.0 283 671.0 59.26 0.230 −96.5 −32.9 43.58 11.51 95.2
51 p-tert-butylcyclohexanol 523.6 271.8 729.8 25.77 0.576 −270.8 −32.7 50.04 18.90 214.3
52 2-tetrahydrofurylmethanol 449.3 235.8 635.2 48.29 0.315 −399.6 −227.7 48.45 14.06 125.0
53 1,2,3,4-tetrahydronaphthalene 475.5 260.1 708.1 35.69 0.438 62.3 192.5 41.19 10.27 144.0
54 toluene 386.2 195.1 597.8 41.14 0.320 48.7 120.5 33.45 7.93 102.0

Appendix D. Mathematics of the Marrero–Gani Method

The Marrero–Gani method estimates the same properties as the Joback method, with
the exception of the thermal capacity. The combination of groups of different order is
performed in the same way for each property, following Equation (A1):

f = ∑
i

Ni A1
i + ∑

j
Mj A2

j + ∑
k

Ok A3
k (A1)

where Ni, Mj, and Ok are, respectively, the number groups of first, second, or third order for
a given type present in the molecule, and A1

i , A2
j , and A3

k are the characteristic parameters
of the corresponding group. The function f varies according to the property to be estimated,
as shown in Table A3. The constants used for that function are presented in Table A4.
Results obtained from the application of the method for the selected compounds are shown
in Table A5.

Table A3. Equations used in the Marrero–Gani method [15] for estimating the different thermophysi-
cal properties.

Property f= Right-Hand Side of Equation (A1)

Melting temperature/K exp(To
m/To

m,0) ∑i NiTo
m1i+∑j MjTo

m2j + ∑k OkTo
m3k

Boiling temperature/K exp(To
b /To

b,0) ∑i NiTo
b1i+∑j MjTo

b2j + ∑k OkTo
b3k
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Property f= Right-Hand Side of Equation (A1)

Critical temperature/K exp(Tc/Tc0) ∑i NiTc1i+∑j MjTc2j + ∑k OkTc3k

Critical pressure/bar (pc − pc1)
−0.5 − pc2 ∑i Ni pc1i+∑j Mj pc2j + ∑k Ok pc3k

Critical volume/cm3·mol−1 vc − vc0 ∑i Nivc1i+∑j Mjvc2j + ∑k Okvc3k

Gibbs energy of formation/kJ·kmol−1 Δgo
f − Δgo

f,0 ∑i Nigo
f1i+∑j Mjgo

f2j + ∑k Okgo
f3k

Enthalpy of formation/kJ·kmol−1 Δho
f − Δho

f,0 ∑i Niho
f1i+∑j Mjho

f2j + ∑k Okho
f3k

Enthalpy of vaporization/kJ·kmol−1 Δho
v − Δho

v,0 ∑i Niho
v1i+∑j Mjho

v2j + ∑k Okho
v3k

Enthalpy of melting/kJ·kmol−1 Δho
m − Δho

m,0 ∑i Niho
m1i+∑j Mjho

m2j + ∑k Okho
m3k

Table A4. Generic constants used in the Marrero–Gani method [15] for equations shown in Table A3.

Generic Constants

To
m,0/K 147.450

To
b,0/K 222.543

Tc0/K 231.239

pc1/bar 5.9827

pc2/bar−0.5 0.108998

vc0/cm3·mol−1 7.95

Δgo
f,0/kJ·mol−1 −34.967

Δho
f,0/kJ·mol−1 5.549

Δho
v,0/kJ·mol−1 11.733

Δho
m,0/kJ·mol−1 −2.806

Table A5. Properties estimated by the Marrero–Gani method [15] for the selected compounds used in
this work.

No. Compound
To

b
K

To
m

K
Tc

K
pc

bar
vc

m3/kmol
Δgo

f
kJ/mol

Δho
f

kJ/mol
Δho

v

kJ/mol
Δho

m

kJ/mol

1 acetic acid 397.3 308.4 646.20 58.88 0.159 −369.2 −426.9 28.95 9.55
2 1,1′-bicyclohexyl 511.7 271.7 727.00 25.60 0.598 42.6 −272.0 57.98 12.91
3 [1,1′-bicyclohexyl]-2,3′-dione 579.8 354.2 867.22 30.29 0.599 −528.3 −229.8 85.54 23.04
4 1-butanol 381.7 213.0 553.80 43.70 0.276 −277.8 −151.9 50.83 10.93
5 Butoxycyclohexane 464.5 231.5 676.94 22.89 0.610 −40.9 −357.0 59.80 19.52
6 butylcyclohexane 454.1 199.4 650.20 25.40 0.533 70.0 −200.3 49.37 13.49
7 2-Butylcyclohexanone 493.3 286.4 762.27 27.58 0.544 −105.3 −366.3 63.58 19.70
8 cycloheptanone 451.7 278.9 734.20 41.37 0.361 −111.9 −286.1 48.90 9.75
9 1,2-cyclohexanediol 504.2 349.0 714.14 44.00 0.341 −263.8 −466.5 90.63 16.06

10 1,3-cyclohexanedione 493.4 331.6 807.20 51.56 0.312 −295.2 −429.1 58.73 13.74
11 cyclohexanol 434.0 287.8 650.00 42.60 0.322 −109.5 −286.2 61.20 9.84
12 cyclohexanone 431.2 265.7 715.26 45.93 0.312 −125.2 −267.5 45.56 8.68
13 2-cyclohexen-1-ol 437.2 288.9 648.32 45.39 0.307 −49.6 −189.2 62.29 8.88
14 2-cyclohexen-1-one 443.2 267.8 714.00 49.12 0.297 −59.2 −183.0 53.06 10.23
15 1-(1-cyclohexen-1-yl)-2-propanone 470.7 262.3 685.83 31.52 0.460 −27.4 −205.9 52.37 14.73
16 cyclohexene 356.1 183.6 558.00 43.92 0.289 104.7 −8.9 32.86 2.66
17 cyclohexylacetone 473.7 266.4 679.01 29.83 0.483 −75.0 −301.2 54.96 15.75
18 cyclohexyl butanoate 486.2 237.2 683.41 25.83 0.545 −245.5 −543.1 61.08 18.83
19 cyclohexylethanone 453.7 278.5 662.05 33.33 0.427 −83.1 −280.4 49.43 13.11
20 cyclohexyl ethanoate 441.0 225.4 639.90 31.20 0.448 −481.9 −267.1 53.53 12.88
21 cyclohexyl ether 515.7 281.6 732.56 26.16 0.608 −3.9 −342.5 64.85 16.71
22 cyclohexyl hexanoate 515.7 257.9 727.13 20.21 0.713 −221.3 −605.5 75.81 26.75
23 cyclohexyl pentanoate 497.7 244.4 698.92 23.63 0.601 −237.4 −563.9 65.99 21.47
24 2-cyclohexylidencyclohexanone 565.4 323.2 783.20 31.56 0.501 −72.1 −341.8 58.93 12.95
25 cyclopentanol 413.4 275.3 622.23 47.41 0.273 −122.8 −267.6 57.86 11.73
26 cyclopentanone 403.8 251.1 694.64 51.44 0.262 −138.5 −248.9 42.22 7.61
27 3,3-dimethylhexane 385.1 187.3 555.14 25.68 0.466 17.2 −217.9 38.06 10.52
28 4-(1,1-dimethylpropyl)cyclohexanone 503.9 298.3 776.91 27.06 0.575 −90.3 −392.6 65.55 16.86
29 2-ethylidenecyclohexanone 478.4 276.7 737.22 33.74 0.448 −47.1 −211.7 63.55 11.38
30 formic acid 362.8 259.4 554.90 83.20 0.102 −279.9 −303.6 48.32 13.31
31 2-heptanone 426.7 223.8 611.13 29.34 0.417 −300.8 −122.0 46.38 17.58
32 3-heptanone 417.1 227.2 596.91 29.44 0.418 −305.0 −125.4 46.29 17.26
33 hexanal 407.6 228.8 591.00 33.10 0.373 −251.1 −100.7 43.90 20.10
34 2-hexanone 400.8 215.1 589.20 32.47 0.373 −278.6 −127.6 41.82 14.20
35 5-hexenal 405.6 232.5 594.10 34.76 0.359 −128.8 −14.9 42.80 17.07
36 1-Methoxycyclohexane 408.2 203.4 607.23 32.33 0.406 −63.2 −279.8 37.51 10.73
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No. Compound
To

b
K

To
m

K
Tc

K
pc

bar
vc

m3/kmol
Δgo

f
kJ/mol

Δho
f

kJ/mol
Δho

v

kJ/mol
Δho

m

kJ/mol

37 5-methyl-2-isopropylidenecyclohexanone 497.2 299.0 753.09 28.05 0.558 −33.8 −255.2 77.19 11.98
38 2-methyl-3-heptanone 431.2 233.0 613.20 26.78 0.470 −122.8 −334.2 49.16 16.81
39 Methylcyclohexane 374.2 182.4 577.23 35.07 0.370 44.6 −137.8 35.17 6.74
40 2-methylcyclohexanone 448.3 266.3 723.99 38.52 0.370 −299.4 −125.3 48.95 11.81
41 3-methylcyclohexanone 448.3 266.3 723.99 38.52 0.370 −299.4 −125.3 48.95 11.81
42 1-methylcyclopentanol 409.2 283.5 580.05 44.29 0.325 −142.0 −313.4 57.35 5.99
43 2-methylcyclopentanone 422.4 251.8 704.16 42.52 0.321 −280.8 −138.6 45.61 10.74
44 (1-methylethyl)cyclohexane 427.9 191.4 621.05 28.42 0.481 57.3 −196.4 43.00 11.32
45 methylcyclopentanone 340.4 155.8 538.30 38.44 0.313 31.3 −119.2 31.83 5.64
46 1-pentanol 410.9 221.5 580.32 38.12 0.332 −143.9 −298.6 55.80 14.20
47 2-pentanone 362.1 210.4 544.80 37.06 0.306 −141.6 −263.3 36.47 11.98
48 3-pentyl-1-cyclohexene 473.2 180.7 652.99 25.51 0.559 128.8 −109.7 59.95 16.49
49 pentylcyclohexane 476.9 208.7 668.01 23.27 0.590 78.0 −221.2 54.28 16.13
50 phenol 455.0 308.0 687.06 59.65 0.271 −32.6 −94.3 64.25 15.36
51 p-tert-butylcyclohexanol 494.8 240.6 694.60 24.12 0.595 216.4 −43.5 58.23 13.72
52 2-tetrahydrofurylmethanol 451.2 258.3 641.69 48.15 0.305 −239.0 −399.2 64.17 14.14
53 1,2,3,4-tetrahydronaphthalene 480.8 241.7 664.03 31.37 0.521 110.1 −61.3 77.10 11.86
54 toluene 383.8 202.1 604.05 42.18 0.317 123.6 50.6 38.43 9.90
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Abstract: Ionic liquids have many interesting properties as they share the properties of molten
salts as well as organic liquids, such as low volatility, thermal stability, electrical conductivity, non-
flammability, and much more. Ionic liquids are known to be good solvents for many polar and
nonpolar solutes. Combined with their special properties, ionic liquids are good replacements for
the conventional toxic and volatile organic solvents. Each ionic liquid has different properties than
others. In order to alter, tune, and enhance the properties of ionic liquids, sometimes, it is necessary
to mix different ionic liquids to achieve the desired properties. However, using mixtures of ionic
liquids in chemical processes requires reliable estimations of the mixtures’ physical properties such
as refractive index and density. The ionic liquids used in this work are 1-butyl-3-methylimidazolium
thiocyanate ([BMIM][SCN]), 1-butyl-3-methylimidazolium tetrafluoroborate ([BMIM][BF4]), 1-hexyl-
3-methylimidazolium tetrafluoroborate ([HMIM][BF4]), and 1-hexyl-3-methylimidazolium hexaflu-
orophosphate ([HMIM][PF6]). These ionic liquids were supplied by Io-li-tec and used as received.
However, new measurements for the density and refractive index were taken for the pure ionic liquids
to be used as reference. In the present work, the densities and refractive indices of four different
binary mixtures of ionic liquids with common cations and/or anions have been measured at various
compositions and room conditions. The accuracy of different empirical mixing rules for calculation
of the mixtures refractive indices was also studied. It was found that the overall absolute average
percentage deviation from the ideal solution in the calculation of the molar volume of the examined
binary mixtures was 0.78%. Furthermore, all of the examined mixing rules for the calculation of the
refractive indices of the mixtures were found to be accurate. However, the most accurate empirical
formula was found to be Heller’s relation, with an average percentage error of 0.24%. Furthermore,
an artificial intelligence model, an adaptive neuro-fuzzy inference system (ANFIS), was developed
to predict the density and refractive index of the different mixtures studied in this work as well as
the published literature data. The predictions of the developed model were analyzed by various
methods including both statistical and graphical approaches. The obtained results show that the
developed model accurately predicts the density and refractive index with overall R2, RMSE, and
AARD% values of 0.968, 7.274, 0.368% and 0.948, 7.32 × 10−3 and 0.319%, respectively, for the
external validation dataset. Finally, a variance-based global sensitivity analysis was formed using
extended the Fourier amplitude sensitivity test (EFAST). Our modelling showed that the ANFIS
model outperforms the best available empirical models in the literature for predicting the refractive
index of the different mixtures of ionic liquids.

Keywords: refractive index; density; ionic liquids; mixtures; ANFIS

1. Introduction

Ionic liquids are salts in the liquid state. Due to the strong ionic bond between the
cation and the anion, most ionic compounds exist in the form of crystal lattice (solid state) at
room temperature. However, many asymmetric organic based ionic liquids appear in liquid
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form at room temperature due to the weaker ionic bonding between the cation and anion.
Ionic liquids have many interesting properties, as they share the properties of molten salts
as well as organic liquids, such as low volatility, thermal stability, electrical conductivity,
non-flammability, and much more. Ionic liquids are known to be good solvents for many
polar and nonpolar solutes. Combined with their special properties, ionic liquids are
good replacements for the conventional toxic and volatile organic solvents. Each ionic
liquid has different properties to others. In order to alter, tune, and enhance the properties
of ionic liquids, sometimes, it is necessary to mix different ionic liquids to achieve the
desired properties.

However, using mixtures of ionic liquids in chemical processes requires the reliable
estimations of the mixtures’ physical properties, such as refractive index and density.
Many general mixing rules for liquids have been proposed so far, which describe specific
types of systems. This emphasizes the need to examine these mixing rules with respect
to ionic liquid mixtures and to determine the best mixing rule for each physical property.
Furthermore, assuming ideal behavior for the mixtures simplifies their complexity. Hence,
the validity and accuracy of an ideal mixture assumption are uncertain and need to be
examined. This will give a clearer picture in the design stage about the uncertainty of the
calculations and in estimating the safety factor required for the design.

In addition to the existing empirical rules for the estimation of the different properties
of the ionic liquid mixtures, such as refractive index, artificial intelligence (AI) models
such as artificial neural networks (ANNs), regression models, fuzzy logic, support vector
machine (SVM), and neural-based fuzzy interference system (ANFIS), can be used to
predict the behavior of such complex systems. Different techniques have already been
applied for the calculation of the various thermophysical properties of ionic liquid mixtures.
Among various AI techniques, ANN alone or along with evolutionary algorithms such as
genetic algorithms (GAs) and particle swarm optimization (PSO) has been used effectively
to predict the properties of ionic liquid binary mixtures [1–4]. These techniques can predict
responses with high accuracy, regardless of variation in input parameters. Very few studies
have assessed the ability of the ANFIS model for this purpose [5]. ANFIS, however, is a
potential soft computational modelling technique that combines the power of ANN with
fuzzy logic [6–8]. ANFIS, as with the ANN, learns from training data with any complex
relationships, then implements the solutions on a fuzzy inference system (FIS). ANFIS can
use FIS to define hidden layers and to improve its predictive ability; thus, it eliminates the
difficulty of defining the hidden layers that often exist in ANN; however, the number of
membership functions (MFs) should be defined per input. The number of MFs depends on
the number of the existing dataset. Their ability to overcome problems with experimental
and deterministic models makes them ideal for complex chemical processes. However,
determining the structure of ANN has become a major challenge in developing a highly
accurate model [9]. Consequently, Hosoz et al. [10] pointed out that ANFIS, according to
other studies, can predict more accurately than ANN. However, in other studies, it has been
stated that the accuracy of these techniques depends on how they are implemented and
their applications [11]. Considering all the aforementioned facts, in the present study, we
have made an attempt to develop and examine an ANFIS model to predict the properties
of ionic liquid binary mixtures. Our measured density and refractive index of binary ionic
liquid mixtures as well as the available published data on these properties have been used
in this work.

2. Properties of Binary Liquid Mixtures

2.1. Molar Volume

For ideal liquid mixtures, the molar volume is defined as:

videal mix = ∑ xivi (1)

where vmix is the molar volume of the mixture, vi is the individual molar volume of
component i, and xi is mole fraction of component i. Many liquids do not form ideal
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mixtures and hence do not show volume additivity. The deviation from ideality can be
calculated by introducing excess molar volume term to the previous equation. Hence, the
equation is written as:

vreal mix = videal mix + vexcess (2)

2.2. Mixture Density

The density of a mixture can be defined as the overall mass of mixture occupying one
unit volume. It can be calculated by:

ρmix =
mtotal
Vtotal

(3)

where ρmix is the mixture density, mtotal is the total mass of mixture, and Vtotal is the total
volume of mixture. For ideal liquid mixtures, using volume additivity, this equation can be
written in terms of an individual component’s densities as follows:

1
ρideal mix

= ∑
xi
ρi

(4)

where ρi is the density of component i and xi is the mass fraction of component i. The
average absolute relative difference percent (AARD%) is a good statistical parameter for
analyzing the success of the proposed correlations for different properties such as density,
which is defined as:

AARD% =
100 ∑

∣∣∣ ρideal mix−ρ mix, exp
ρ mix, exp

∣∣∣
n

(5)

2.3. Refractive Index

There are several mixing rules for the refractive index of mixtures in the literature.
The most well-known correlations which have been used in this work are the following:

� Lorentz–Lorenz relation (L–L)

nmix
2 − 1

nmix
2 + 2

= ∑
ni

2 − 1
ni

2 + 2
φi (6)

where nmix is the refractive index of the mixture, ni is the refractive index of pure component
i, and φi is the volume fraction of component i in the mixture.

� Gladstone–Dale (G–D)

nmix − 1 = φ1(n1 − 1) + φ2(n2 − 1) + . . . + φn(nn − 1) (7)

� Arago–Biot (A–B)

nmix = φ1n1 + φ2n2 + . . . + φnnn (8)

� Weiner’s relation (W)

nmix
2 − n1

2

nmix
2 + 2n1

2 = ∑
	=1

ni
2 − n1

2

ni
2 + 2n1

2 φi (9)

� Heller’s relation (H)

nmix − n1

n1
=

3
2 ∑

i 	=1

mi
2 − 1

mi
2 + 2

φi (10)

where mi =
ni
n1

.
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3. Materials and Experiments

The ionic liquids used in this work are 1-butyl-3-methylimidazolium thiocyanate
([BMIM][SCN]), 1-butyl-3-methylimidazolium tetrafluoroborate ([BMIM][BF4]), 1-hexyl-3-
methylimidazolium tetrafluoroborate ([HMIM][BF4]), and 1-hexyl-3-methylimidazolium
hexafluorophosphate ([HMIM][PF6]). These ionic liquids were supplied by Io-li-tec and
used as received. However, new measurements for the density and refractive index were
taken for the pure ionic liquids to be used as reference. Table 1 shows the purity of each
ionic liquid reported by Io-li-tec and their molecular weights.

Table 1. Purity of the ionic liquids used in this work.

Ionic Liquid Molecular Weight Purity

[BMIM][SCN] 197.30 ≥98%
[BMIM][BF4] 226.03 ≥99%
[HMIM][BF4] 254.08 ≥99%
[HMIM][PF6] 312.24 ≥99%

A pipette was used to transfer exact amounts of ionic liquids in a graduated cylinder
to measure the total volume, each with uncertainty of 0.05 and 0.1 cm3, respectively. A
mass balance of an uncertainty of 1 × 10−4 g was used to measure the mass of the samples.
The refractive index was measured using a programmable digital KEM Refractometer
(Kyoto Electronics Manufacturing Co., LTD., Model RA 620, Kyoto, Japan) connected to
a water bath to maintain constant temperature. The uncertainty in the refractive index
measurement is 1 × 10−5, and the uncertainty in the temperature measurement is 0.1 K.
The density was measured using an Anton Paar U-tube Densitometer (Model DMA 4500 M,
Anton Paar GmbH, Graz, Austria) connected to a water bath. The uncertainty in the density
measurement is 5 × 10−5 g cm−3, while the uncertainty in the temperature measurement
was 0.1 K.

The density and refractive index of all samples were measured at 20 ◦C for the pure
ionic liquids using an Anton Paar U-tube Densitometer and a Programmable Digital KEM
Refractometer, respectively. The temperature was constantly maintained at 20 ◦C by
connecting both the densitometer and the refractometer to a water bath set to a temperature
of 20 ◦C. Binary mixtures of different ionic liquids were prepared from different volume
compositions. The mass of each ionic liquid as well as the total mass of the mixture were
measured before transfer to the graduated cylinder. A droplet was taken to be used in the
refractometer to measure the refractive index. The remainder of the mixture was used to
measure the mixture density using the density meter.

4. The Developed ANFIS Model and EFAST Sensitivity Analysis

Fuzzy logic is an appropriate technique for solving complex and nonlinear problems.
ANNs have a strong ability to learn from existing data. Fuzzy logic theory is a powerful
tool to deal with uncertainty. In general, fuzzy logic is an approach to calculate the degree
of accuracy instead of using two-state true or false logic. Therefore, combining fuzzy logic
theory with ANNs could provide great results for describing complex patterns, which is
called ANFIS modelling. FIS assigns fuzzy rules and a membership function (MF) which
ANN can optimize. Takagi–Sugeno and Mamdani are two well-known structures of FISs.
Each FIS consists of a number of fuzzy rules, and each fuzzy rule has an antecedent and
a consequent. In Mamdani-type FISs, both antecedents and consequents include fuzzy
values; however, in Takagi–Sugeno-type FISs, the consequent of fuzzy rules are in the
form of a fixed number (for zero type Takagi–Sugeno FISs) or a linear combination of
inputs; this type of FISs are often used in ANFIS modelling. In this study, an ANFIS model
was developed using the Takagi–Sugeno structure with the Neuro-Fuzzy Designer app in
MATLAB 2017a software [9]. The ANFIS structure comprises four layers, which are fuzzy,
product, consequent calculation, and output layer. The first layer includes antecedent
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fuzzy values (also known as membership functions), the inputs enter these fuzzy values,
and a membership grade is produced for each fuzzy value in each rule. In layer 2, the
product of membership grades in a fuzzy rule is used as the firing strength of the rule in
this this research. Then, in layer 4 (in parallel with layers 1 and 2), the output of each rule is
calculated using the input values. In the last layer, the output of the FIS is calculated by
the output values and firing strengths of all rules. In this research, the weighted sum of
outputs was used, where the weight of each rule output is the firing strength of the same
rule. The unknowns of this modelling problem were the number of rules and fuzzy values
(membership functions) of rules and consequent parameters. These were identified by
using the experimental data.

In this study, various membership functions were investigated for their use in the
rules’ antecedents, such as the triangular-shaped membership function (trimf) and others,
for which the details can be found elsewhere [12]. The result of this comparison is given in
Section 6.

To estimate the density parameter using ANFIS, 1670 datasets were collected from the
literature, which were applied for model training and cross validation. Cross validation
partition defines a random partition on a dataset. This partition is used to define training
and validation sets for validating a model. In this study, the early stopping method was
used for preventing overfitting and the total dataset partitioned into training (85%) and
holdout cross validation (15%) partitions. The holdout cross validation method creates a
random nonstratified partition for holdout validation on n observations. Then, to determine
the predictive power of the model, the measured data from this study (16 samples) were
introduced to the model as external validation or a test dataset. The same procedure was
followed for modelling the refractive index parameter, in which 149 data were collected and
utilized from the published data for training and validation. Finally, 16 new measured data
from this study were entered into the model for external validation. The hybrid-learning
algorithm (as detailed in [13]) was used for parameter estimation, and the validity of the
optimized ANFIS model was evaluated using experimental test data. The coefficient of
determination (R2), the root-mean-squared error (RMSE), and average absolute relative
deviation (AARD%) were calculated to evaluate the model’s performance [14,15].

R2 =
1 − ∑n

i=1
(
Yp − Ye

)2

∑n
i=1

(
Yp − Ye

)2 (11)

RMSE =

√
1
n

n

∑
i=1

(
Ye − Yp

)2 (12)

AARD% =
100
n

n

∑
i=1

∣∣Ye − Yp
∣∣

Ye
(13)

where Ye, Yp, and Ye show the actual response, predicted response, and the average of the
actual response, respectively, and n is the number of datasets.

For complex nonlinear models, such as the artificial intelligence models, global sensitiv-
ity analysis (GSA) techniques are able to provide appropriate information about parameter
sensitivity. In the present study, the extended Fourier amplitude sensitivity test (EFAST),
which is one of the efficient and well-known GSA methods, was applied for sensitivity
analysis in MATLAB 2017 software. FAST is a variance-based global sensitivity analysis
technique, which is based on conditional variances, indicating the individual or interaction
effects of the uncertain inputs on the response parameter [16].
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5. Experiments

5.1. Pure Ionic Liquids

Density and refractive index of the pure ionic liquids measured at 20 ◦C are shown in
Table 2.

Table 2. Density and refractive index of the pure ionic liquids at 20 ◦C.

Ionic Liquid Refractive Index Density (g/cm3)

[HMIM][BF4] 1.43940 1.14859, 1.14511 a

[HMIM][PF6] 1.42257 1.29544, 1.29145 a

[BMIM][SCN] 1.54543 1.07254, 1.06954 a

[BMIM][BF4] 1.43223 1.20447, 1.20085 a

a Literature data at 298.15 K [17].

These values are used as references for the pure components in the analysis. Ionic
liquid mixtures prepared for the experiments were labeled, and their measured masses and
volumes at 20 ◦C are shown in Table 3.

Table 3. Measured volume and mass of prepared ionic liquid mixtures.

Mole
Fraction (x1)

Components Mass (g)

1 2 1 2 Total

0.813

[HMIM][BF4] [HMIM][PF6]

13.78308 3.88632 17.66940

0.620 10.33731 7.77264 18.10995

0.421 6.89154 11.65896 18.55050

0.214 3.44577 15.54528 18.99105

0.769

[HMIM][BF4] [BMIM][SCN]

13.78308 3.21762 17.00070

0.555 10.33731 6.43524 16.77255

0.357 6.89154 9.65286 16.54440

0.172 3.44577 12.87048 16.31625

0.772

[HMIM][BF4] [BMIM][BF4]

13.78308 3.61341 17.39649

0.560 10.33731 7.22682 17.56413

0.361 6.89154 10.84023 17.73177

0.175 3.44577 14.45364 17.89941

0.753

[HMIM][PF6] [BMIM][SCN]

15.54528 3.21762 18.76290

0.534 11.65896 6.43524 18.09420

0.337 7.77264 9.65286 17.42550

0.160 3.88632 12.87048 16.75680

Table 3 shows the volume and mass of each component in the mixture. The mass of
each component was used to calculate the mass fraction and mole fraction needed for the
rest of calculations.

5.2. Mixtures of Ionic Liquids
5.2.1. Molar Volume and Density of Ionic Liquid Mixtures

Table 4 shows the measured mixture density, ideal mixture density, AARD%, measured
mixture molar volume, ideal mixture molar volume, excess molar volume, and AARD% of
the prepared ionic liquids.
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Table 4. Measured and calculated volumetric data for the ionic liquid mixtures studied in this work.

Mixture ρmix (g/cm3)
ρideal mix
(g/cm3)

vmix
(cm3/mol)

videal mix
(cm3/mol)

vexcess

(cm3/mol)

[HMIM][BF4] +[HMIM][PF6]

0.813 1.18620 1.17796 223.34763 224.90918 −1.56154
0.620 1.21185 1.20733 227.88141 228.73380 −0.85239
0.421 1.23965 1.2367 232.13618 232.69074 −0.55456
0.214 1.27477 1.26607 235.17064 236.78701 −1.61637

[HMIM][BF4] +[BMIM][SCN]

0.769 1.13934 1.13338 211.48711 212.59928 −1.11218
0.555 1.11587 1.11817 205.05542 204.63350 0.42191
0.357 1.09203 1.10296 199.21668 197.24310 1.97359
0.172 1.10823 1.08775 186.84919 190.36790 −3.51871

[HMIM][BF4] +[BMIM][BF4]

0.772 1.14710 1.159766 215.93122 213.57352 2.35771
0.560 1.15424 1.170942 209.43286 206.44638 2.98648
0.361 1.17505 1.182118 200.98041 199.77956 1.20086
0.175 1.18286 1.193294 195.23652 193.52985 1.70667

[HMIM][PF6] +[BMIM][SCN]

0.753 1.25270 1.25086 226.61410 226.94751 −0.33341
0.534 1.20984 1.20628 213.78904 214.41969 −0.63065
0.337 1.16933 1.1617 201.87652 203.20263 −1.32611
0.160 1.13755 1.11712 189.63286 193.10083 −3.46797

AARD% = 0.78058% AARD% = 0.78264%

5.2.2. Refractive Index of Ionic Liquid Mixtures
Table 5 shows the experimental refractive indices of the ionic liquid mixtures and the

calculated values using different empirical mixing rules.

Table 5. Experimental refractive indices of the ionic liquid mixtures and the calculated values using
different empirical mixing rules.

Binary
Mixtures

Refractive Index (n)

Experimental L–L G–D A–B W H

[HMIM][BF4]+[HMIM][PF6]

0.813 1.43831 1.43599 1.43604 1.43604 1.43603 1.43603
0.620 1.43745 1.43267 1.43267 1.43267 1.43267 1.43266
0.421 1.42883 1.42932 1.42931 1.42931 1.42930 1.42929
0.214 1.42408 1.42598 1.42594 1.42594 1.42594 1.42592

[HMIM][BF4]+[BMIM][SCN]

0.769 1.46016 1.45955 1.46061 1.46061 1.46038 1.46033
0.555 1.46524 1.48088 1.48182 1.48182 1.48145 1.48125
0.357 1.50059 1.50209 1.50302 1.50302 1.50266 1.50217
0.172 1.52000 1.52364 1.52423 1.52423 1.52395 1.52309

[HMIM][BF4]+[BMIM][BF4]

0.772 1.43918 1.43801 1.43798 1.43797 1.43797 1.43797
0.560 1.43767 1.43655 1.43654 1.43654 1.43654 1.43654
0.361 1.43475 1.43513 1.43511 1.43511 1.43511 1.43510
0.175 1.43288 1.43372 1.43367 1.43367 1.43367 1.43367

[HMIM][PF6]+[BMIM][SCN]

0.753 1.45442 1.44636 1.44715 1.44715 1.44683 1.44676
0.534 1.47034 1.47048 1.47172 1.47172 1.47123 1.47094
0.337 1.50643 1.49504 1.49629 1.49629 1.49579 1.49512
0.160 1.51558 1.52005 1.52086 1.52086 1.52053 1.51930

ARD (%) 0.24810 0.25711 0.25711 0.25190 0.24188
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As we can see from Table 5, the refractive index of the ionic liquid mixtures can be
confidently estimated using any of the discussed empirical formulae since the average
relative error is around 0.25% for each correlation. However, Heller’s relation (H) best
estimates the refractive index of these ionic liquid mixtures with an average relative error
of 0.242%.

6. ANFIS Modelling

The ANFIS models, developed to predict the density and refractive index of ionic
liquid mixtures, are shown in Figures 1A and 2A. In this structure, we have employed the
Takagi–Sugeno-type FIS with Gaussian curve membership functions. The ANFIS model has
seven inputs of temperature (T), pressure (P), BMIM (mole fraction of BMIM ion), HMIM
(mole fraction of HMIM ion, BF4 (mole fraction of BF4 ion), PF6 (mole fraction of PF6
ion), and SCN (mole fraction of SCN ion) for density and refractive index prediction. The
grid partition technique is used to generate the rules for the model. The obtained results
showed that the Gaussian membership function (gaussmf), compared to other membership
functions, has less prediction errors in both models. Figures 1B and 2B illustrate the RMSE
of the models’ training and validation stages. During the training and validation process
of the ANFIS model, the RMSEs were plotted versus the number of epochs. The RMSE
reduces and then remains constant after some epochs. The RMSE values of the validation
step for the density and refractive index models were equal to 8.730 and 7.45 × 10−3,
respectively. The regression curves plotted in Figures 1C and 2C display the model outputs,
which show a very satisfactory performance. This comparison showed a good consistency
between the predicted and actual responses of the ANFIS models.

We have used some statistical parameters as shown in Table 6 to examine the perfor-
mance of the developed models.

Table 6. The performance of the statistical parameters for the proposed models.

Parameters
ANFIS (Density) ANFIS (Refractive index)

Train Validation Test Train Validation Test

R2 0.992 0.985 0.968 0.988 0.972 0.948
RMSE 6.035 8.730 7.274 4.47 × 10−3 7.45 × 10−3 7.32 × 10−3

AARD% 0.437 0.649 0.368 0.242 0.444 0.319

It is noteworthy that the ranges of error parameters for two responses (density and
refractive index) are suitable at the training, validation, and test stages. The use of more
data in the training and validation stages for density resulted in high predictive power,
therefore the test data that were externally validated (not used in the training stage) resulted
in predictions with higher accuracy. Moreover, a variance-based global analysis was
performed using an extended EFAST method to determine which parameter had the
greatest effect on the density and refractive index [18]. According to Figure 3A, the first
three main factors affecting density are PF6, SCN, and pressure. In addition, according to
Figure 3B, the most effective input parameters for the refractive index were SCN, pressure,
and PF6. The coefficient values of different parameters are given in Figure 3.

Figures 4 and 5 show the three-dimensional plots of the developed models for the
density and refractive index (n). As shown in Figure 4A,B, the density parameter often
decreases with increasing temperature and increases with increasing pressure. In addition,
an increase in parameters BMIM and SCN lead to a decrease in density (Figure 4B,E). BF4
has very little effect on density (Figure 4D). HMIM and PF6 have a positive correlation
with density, as shown in Figure 4C,E. It is evident from Figure 5A that temperature has
a negative effect on refractive index, and pressure has shown a non-uniform effect on it.
However, the effect of the temperature on the refractive index is very small compared
to the effect of pressure. In addition, an increase in parameters BMIM, BF4, and SCN
leads to a decrease in the refractive index (Figure 5B–D). HMIM has very little effect on
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the refractive index (Figure 5C). PF6 has a positive correlation with the refractive index,
which is shown in Figure 5D. The model dataset contains 1670 density values over a
temperature range of 220–472 K and a pressure range of 100–300,000 kPa collected from
the NIST ILThermo database [19]. The model dataset contains 1670 density values over a
temperature range of 220–472 K and a pressure range of 100–300,000 kPa collected from
the NIST ILThermo database [19]. Our dataset for the refractive index which contains
149 values also has been collected from the NIST ILThermo database [19] in the range
of 280–353 K for temperature, and the range of 81–116 kPa for pressure. This collected
database is available in the Supplementary file in excel.

Figure 1. (A) Developed ANFIS structure, (B) training error curve, (C) regression between ANFIS
predictions, and experimental results for density.
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Figure 2. (A) Developed ANFIS structure, (B) training error curve, (C) regression between ANFIS
predictions, and experimental results for refractive index.

Figure 3. Relative importance of the input parameters on (A): density and (B): refractive index (n).
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Figure 4. Three-dimensional mesh plot of the density variation using ANFIS model versus
(A)–Temperature and Pressure, (B)–BMIM and Temperature, (C)–HMIM and Temperature,
(D)–Pressure and BF4 and (E)–PF6 and SCN.

 
Figure 5. Three-dimensional mesh plot of the refractive index (n) variation using ANFIS model
Versus, (A)–Pressure and Temperature, (B)–Pressure and BMIM, (C)–HMIM and BF4 and (D)–SCN
and PF6.
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7. Conclusions

Density and refractive index of different binary mixtures of ionic liquids were studied
in this work. Some data were generated experimentally in this work and the rest of required
data were collected from the literature. The effects of different variables such as temperature,
pressure, and the molar concentrations of different functional groups in the ionic liquids
were investigated. For analyzing the data, we first examined different models including
empirical models for these properties. The deviation from the ideal mixture volume was
calculated and found to be 0.78%. Therefore, it is a very accurate assumption to assume an
ideal mixture and apply a volume additivity rule. Furthermore, the refractive indices of
the binary ionic liquid mixtures were measured and compared with the estimated values
using different empirical mixing rules. All of the empirical rules showed good performance
for estimation of the refractive index of the binary ionic liquid mixtures, with an average
percentage error around 0.25%. However, Heller’s relation was found to be the best model
to estimate these mixtures’ refractive index with an average relative error of only 0.242%.
For gaining a deep understanding of the effects of the different parameters on the density
and refractive index of the studied mixtures, we have also developed artificial intelligence
models. An ANFIS model was developed to predict a density and refractive index, and
the grid partition technique was implemented. Our results showed that the Gaussian
membership function, compared to other membership functions, has a low prediction
error. Based on obtained results, the developed model showed excellent performance for
predicting the density and refractive index of various mixtures, with overall R2, RMSE,
and AARD% values of 0.985, 8.730, 0.649%, and 0.972, 7.45 × 10−3, and 0.444%, in cross
validation, and 0.968, 7.274, 0.368%, and 0.948, 7.32 × 10−3, and 0.319% in the external
validation stages, respectively. According to the sensitivity analysis using the EFAST
method, the most effective input parameters for both properties were found to be SCN,
pressure, and PF6.
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//www.mdpi.com/article/10.3390/liquids2040025/s1.
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Abstract: Evaluating the temperature dependence of the fusion enthalpy is no trivial task, as any
compound melts at a unique temperature. At the same time, knowledge of the fusion enthalpies
under some common conditions, particularly at the reference temperature of 298.15 K, would sub-
stantially facilitate the comparative analysis and development of the predictive schemes. In this
work, we continue our investigations of the temperature dependence of the fusion enthalpy of
organic non-electrolytes using solution calorimetry. As an object of study, n-octadecanophenone, an
arylaliphatic compound was chosen. The solvent appropriate for evaluating the fusion enthalpy at
298.15 K from the solution enthalpy of crystal was selected: p-xylene. The heat capacity and fusion
enthalpy at the melting temperature were measured by differential scanning calorimetry to derive
the fusion enthalpy at 298.15 K from the Kirchhoff’s law of Thermochemistry. An agreement between
the independently determined values was demonstrated. This particular result opens a perspec-
tive for further studies of the fusion thermochemistry of arylaliphatic compounds at 298.15 K by
solution calorimetry.

Keywords: solution calorimetry; fusion enthalpy; differential scanning calorimetry; alkanophenones

1. Introduction

The studies of phase transition thermodynamics of organic non-electrolytes have more
than a 150-year-old history. A lot of efforts have been paid to develop increasingly precise
experimental techniques [1], as well as predictive methods. Quantitative structure-property
relationships proposed so far to characterize the fusion process, particularly its enthalpy, re-
main relatively less accurate [2–7], compared with the vaporization and sublimation [7–12].
Among the obstacles to establishing the relationships of the fusion enthalpy with the
molecular structure and descriptors, one can distinguish the fact that it is measured at the
melting point (Tm), which is unique for each compound. This impedes the comparative
analysis, in contrast with the vaporization and sublimation processes, whose thermo-
dynamic parameters can be determined under the common conditions (e.g., 298.15 K)
for numerous systems. Adjustment of the fusion enthalpies (Δcr

lH) to 298.15 K would
require knowledge of its temperature dependence. The temperature dependence of the
fusion enthalpy is also of interest when applying the ideal solubility equation [13–17], and
analyzing nucleation and crystallization kinetics [18,19].

Δcr
lH at 298.15 K can be found from Kirchhoff’s law of Thermochemistry (Equation (1)):

Δcr
lH(298.15 K) = Δcr

lH(Tm) +
∫ 298.15 K

Tm
Δl

crCp,mdT (1)

where Δl
crCp,m is the heat capacity change on melting. Generally speaking, it also depends on

temperature and this dependence can sometimes significantly contribute to Δcr
lH(298.15 K) [20].
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Experimental determination of this value below Tm would require supercooling the melt,
which is rarely possible.

In a recent cycle of works [21,22] we proposed a method for determining the fusion
enthalpies of organic non-electrolytes based on solution calorimetry, based on Hess’s law
(Equation (2)):

ΔsolnH(cr, 298.15 K) = Δcr
lH(298.15 K) + ΔsolnH(l, 298.15 K) (2)

According to Equation (2), the solution enthalpy of the crystal in a certain solvent
ΔsolnH(cr, 298.15 K) is equal to a sum of Δcr

lH(298.15 K) and the solution enthalpy of
the quasi-equilibrium melt in the same solvent at 298.15 K. In many solute-solvent
systems (e.g., aromatic compounds incapable of self-association in benzene [21] or alka-
nes in heptane [23]) the latter is nearly 0, so Δcr

lH(298.15 K) can be found directly from
ΔsolnH(cr, 298.15 K).

Combining Equations (1) and (2), we independently tracked the temperature depen-
dence of the supercooled liquid heat capacity between 298.15 K and Tm:

Δcr
lH(Tm) +

∫ 298.15 K

Tm
Δl

crCp,mdT = ΔsolnH(cr, 298.15 K)− ΔsolnH(l, 298.15 K) (3)

Analyzing the relationship between the enthalpies of fusion and solution, we estab-
lished that an agreement between the left and right sides of Equation (3) is achieved when
the temperature dependence of the heat capacity of the liquid determined above Tm is
extrapolated down to 298.15 K as a linear function of temperature [21].

Equation (2) provides a useful alternative to Equation (1), replacing a laborious pro-
cedure of heat capacity measurement with solution calorimetry. However, it requires
searching for the solvent, in which ΔsolnH(l, 298.15 K) can be accurately evaluated based
on the molecular structure. Previously we mainly focused on aromatic (both hydrogen-
bonded [22] and non-hydrogen-bonded [21]) and aliphatic [23] systems but did not concern
alkylaromatic compounds. For alkylarenes, the solution enthalpy in benzene significantly
grows with the chain length increase, while the solution enthalpy in heptane can be signif-
icantly influenced by the presence of any substituent, except for the alkyl group. In this
work we tested if p-xylene, which contains both aromatic core and alkyl groups, can be
used as an “athermal” solvent for a long-chain alkylaromatic solute, n-octadecanophenone,
to determine its fusion enthalpy at 298.15 K.

2. Materials and Methods

2.1. Materials

p-Xylene (CAS № 106-42-3, C8H10, Acros, Thermo Fisher Scientific, Waltham, MA,
USA), n-octanophenone (CAS № 1674-37-9, C14H20O, TCI Chemicals, Tokyo, Japan), and
n-octadecanophenone (CAS № 6786-36-3, C24H40O, Alfa Aesar, Haverhill, MA, USA) were
of commercial origin with a purity more than 0.99 (mole fraction), as it was stated in the
certificate of analysis (determined by gas chromatography). Water content in p-xylene was
determined by Fischer titration and equaled 0.01% (mole fraction). Before the measure-
ments, n-octanophenone and n-octadecanophenone were dried in vacuo to remove any
traces of moisture.

The samples were used without further purification.

2.2. Differential Scanning Calorimetry

The specific heat capacity of crystal, enthalpy, and temperature of fusion of n-
octadecanophenone were measured using DSC 8500 (Perkin Elmer, Waltham, MA, USA).
Prior to the experiment, aluminum crucibles were annealed at 200 ◦C. DSC was calibrated
according to the manufacturer’s recommendation using the standard samples of Indium
and Zinc. Each value (onset temperature and area of the peak) was determined three times.
The reproducibilities of heat flow and temperature calibration (0.95 level of confidence,
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coverage factor 2.0) were equal to 1% and 0.1 K, respectively. The correctness of the
determination of the heat capacity and heat effects was checked as previously [24]. The
agreement with the reference values was within 2%.

The samples were placed in a 50 μL aluminum crucible in an inert atmosphere. Two
samples were studied to determine each value. Experiments were performed in a nitrogen
dynamic atmosphere (30 mL min−1) with a heating/cooling rate of 5 K min−1. Two cycles
of “heating–cooling” from room temperature to a temperature 40 K higher than the melting
point were carried out to determine the enthalpy and temperature of fusion. The samples
crystallized completely on cooling. Experimental results from DSC measurements are
presented in Table 1. An exemplary melting peak of n-octadecanophenone obtained by
DSC is shown in Figure 1. An agreement between the fusion enthalpies obtained in each
experiment was within a typical reproducibility of the DSC technique (2–3%).

Table 1. The enthalpies and temperatures of fusion of n-octadecanophenone determined in this work
by DSC at 0.1 MPa a.

m/mg Tm/K Δcr
lH(Tm)/(kJ·mol−1)

8.54 337.6 70.65
8.54 337.6 70.84
10.31 337.5 71.82
10.31 337.5 71.95

Average b 337.6 ± 0.1 71.3 ± 2.1
a The standard uncertainty u(p) = 5 kPa. b The uncertainty includes the standard deviation of the mean and the
standard calibration uncertainty both multiplied by the coverage factor k ≈ 2.0 (expanded uncertainty of the mean
U; 0.95 level of confidence).

Δ

↑

Figure 1. Melting peak of n-octadecanophenone obtained by DSC in this work.

The measurement of specific heat capacity was performed according to the isothermal
step method as previously [25]. The procedure included three steps. First, the baseline was
determined using empty crucibles. Then, using the baseline, a standard sample (sapphire)
with a weight of 33.79 mg and a sample of n-octadecanophenone were each measured in the
same crucible. This procedure was repeated twice for two samples of n-octadecanophenone,
whose fusion enthalpies were measured. The temperature program included a dynamic
segment between 320 K and 325 K and two isothermal segments at 320 K and 325 K. The
resulting heat capacity of solid n-octadecanophenone at 322.5 K was 622 ± 18 J·K−1·mol−1

(the uncertainty includes the standard deviation of the mean and the standard calibration
uncertainty both multiplied by the coverage factor k ≈ 2.0 (expanded uncertainty of the
mean U; 0.95 level of confidence)).
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2.3. Solution Calorimetry

The solution enthalpies of n-octadecanophenone and n-octanophenone in p-xylene
were measured at 298.15 K in the concentration range from 1.39 to 6.37 mmol kg−1 using
TAM III precision solution calorimeter (TA Instruments, New Castle, DE, USA). Crystal
n-octadecanophenone was dissolved by breaking a glass ampule filled with ~50 mg of the
studied sample in a glass cell containing 90 mL of the pure solvent. Liquid n-octanophenone
was injected in ~50 μL portions using an electronically operated syringe equipped with
a long gold cannula immersed in the solvent. The details of the solution calorimetry
procedure have been described elsewhere [26]. The conditions corresponding to an infinite
dilution, which was confirmed by an absence of the concentration dependence of the
solution enthalpy. The experimental values are provided in Table 2.

Table 2. The solution enthalpies of phenones in p-xylene measured in this work at 298.15 K and
0.1 MPa a.

Compound m/mg b b/(mmol·kg−1) c ΔsolnH/(kJ·mol−1) d

n-Octanophenone 49.8 3.15 −0.28
50.6 3.20 −0.48
51.0 6.37 −0.34
49.7 6.34 −0.51

Average e −0.40 ± 0.11

n-Octadecanophenone 37.2 1.39 71.54
48.9 1.83 70.78
43.8 3.03 71.07
43.9 3.48 70.72

Average e 71.0 ± 0.5
a Standard uncertainties u are u(T) = 0.01 K, u(p) = 5 kPa. b Mass of the solute sample which was added
in each dissolution experiment. c Molality of solute in solution after experiments. Standard uncertainty
u(b) = 0.01 mmol·kg−1. d Enthalpy of solution of each experiment. e Average enthalpy of solution. The uncertainty
includes the standard deviation of the mean and the standard calibration uncertainty both multiplied by the
coverage factor k ≈ 2.0 (expanded uncertainty of the mean U; 0.95 level of confidence).

3. Results

In Ref. [27] the molar heat capacity of liquid n-octadecanophenone was determined as
a function of temperature between 373 and 418 K with an uncertainty of 2% (Equation (4)):

Cp,m/(J·K−1·mol−1) = 297.5 + 1.238 · (T/K) (4)

In this work, Cp,m(cr, 322.5 K) = 622 ± 18 J·K−1·mol−1 was determined. The extrapolated
Cp,m(l, 322.5 K) value equals 697 ± 30 J·K−1·mol−1 (uncertainty evaluated according to
Ref. [20]). Thus, Δcr

lCp,m (322.5 K) = 75 ± 35 J·K−1·mol−1. Within the temperature range of
Equation (4) (298.15–337.6 K), it is reasonable to assume that Δcr

lCp,m slightly depends on
temperature. Then

∫ 298.15 K
Tm

Δl
crCp,mdT = Δcr

lCp,m · (298.15 K − Tm) = −3.0 ± 1.4 kJ·mol−1.
Therefore, from Equation (1) one can obtain Δcr

lH(298.15 K) = 68.3 ± 2.5 kJ·mol−1.
Evaluation of Δcr

lH(298.15 K) is also possible using the experimental value of ΔsolnH
of crystal n-octadecanophenone (71.0 ± 0.5 kJ·mol−1) and Equation (2). The solution
enthalpies of liquid alkanes in p-xylene are notably less than in benzene, which has been
previously used as a solvent for aromatic compounds. For example, ΔsolnH(l, 298.15 K) of
hexadecane in benzene is equal to 11.3 kJ·mol−1 [28] and in p-xylene to 3.1 kJ·mol−1 [29].
Those of heptane equal 5.6 [28] and 1.4 kJ·mol−1 [29], respectively. ΔsolnH(l, 298.15 K) of
n-octanophenone in p-xylene determined in this work equaled −0.4 kJ·mol−1. Thus, it is
reasonable to assume that ΔsolnH(l, 298.15 K) of n-octadecanophenone in p-xylene is in the
range from −0.4 to 3.1 kJ·mol−1, or 1.4 ± 1.8 kJ·mol−1, which is not quite wide, taking in
mind the absolute values of ΔsolnH(cr, 298.15 K) and Δcr

lH(Tm). Further elaboration of this
value is possible if additional measurements of the solution enthalpies of alkylarenes is
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performed to understand the regularities met in this series. Then, from Equation (2), one
obtains Δcr

lH(298.15 K) = 69.6 ± 1.9 kJ·mol−1.

4. Discussion

The above-obtained Δcr
lH(298.15 K) values of 68.3 ± 2.5 and 69.6 ± 1.9 kJ·mol−1 agree

within the limits of the propagated errors. Such an agreement confirms the validity of the
assumptions made during the ΔsolnH(l, 298.15 K) evaluation. Thus, the fusion enthalpies of
alkylarenes and their derivatives can actually be determined using solution calorimetry
and p-xylene as an “athermal” solvent. It is worth noting that, due to an extrapolation
uncertainty, the error of the enthalpy correction to 298.15 K according to Kirchhoff’s law
may attain ~50% of its value. In this paper, this error was comparable with the fusion and
solution enthalpies uncertainties. However, when the temperature range of adjustment
and heat capacity integral increase, its contribution can become crucial. This highlights the
advantages of the solution calorimetry approach, which enables to evaluation of the fusion
enthalpy directly at 298.15 K, with an uncertainty independent of the melting temperature
and tendency to supercooling.

Further quantification of the regularities, especially tracking the effects of the chain
length, branching, and substituents on ΔsolnH(l, 298.15 K) in p-xylene is anticipated to
obtain more accurate results for a wider range of compounds. This finding echoes with the
previously denoted “molecule-additivity” of the vaporization enthalpies of alkylaromatic
compounds [30], which can be associated with instantaneous nanoheterogeneities in such
systems, i.e., aromatic-aromatic and aliphatic-aliphatic interactions are more frequent
than aromatic-aliphatic ones. Such distinction can be enough to minimize the significant
endothermic effects met when studying benzene-alkanes systems under infinite dilution
conditions [28].
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Abstract: Drug solubility is one of the most significant physicochemical properties as it is related to
drug design, formulation, quantification, recrystallization, and other processes, so understanding it is
crucial for the pharmaceutical industry. In this context, this research presents the thermodynamic
analysis of the solubility of sulfadiazine (SD) in cosolvent mixtures {acetonitrile + 1-propanol} at 9
temperatures (278.15 K–318.15 K), which is a widely used drug in veterinary therapy, and two solvents
of high relevance in the pharmaceutical industry, respectively . The solubility of SD, in cosolvent
mixtures {acetonitrile + 1-propanol} is an endothermic process where the maximum solubility was
reached in pure acetonitrile at 318.15 K and the minimum in 1-propanol at 278.15 K. Although the
solubility parameters of acetonitrile and propanol were similar, the addition of acetonitrile to the
cosolvent mixture leads to a positive cosolvent effect on the solubility of DS. As for the thermodynamic
functions of the solution, the process is strongly influenced by enthalpy, and according to the
enthalpy–entropy compensation analysis, the process is enthalpy-driven in intermediate to rich
mixtures in 1-propanol and entropy-driven in mixtures rich in acetonitrile.

Keywords: sulfadiazine; solubility; cosolvent; thermodynamics; acetonitrile; 1-propanol

1. Introduction

Sulfadiazine (SD, C10H10N4O2S, CAS Number: 68-35-9, Figure 1) is a broad-spectrum,
fast-acting, synthetic bacteriostatic agent effective against most gram-positive and many
gram-negative bacteria; it is used in human and veterinary therapy for the treatment of
infections [1,2].

Since one of the main difficulties in developing drugs made with SD is the low aqueous
solubility of this [3–10], solubility studies in cosolvent systems are highly relevant as they
allow for the identification of the most suitable solvents or solvent mixtures to improve the
solubility of the drug [11]. The solubility of SD in different cosolvent mixtures of pharma-
ceutical interest has been reported, such as: acetonitrile+methanol [2], ethanol+water [3,12],
methanol+water [13], 1,4-dioxane+water [4], propylene glycol+water [14], ethylene gly-
col+water [15], N-methyl-2-pyrrolidone+water [5], and water-N,N-dimethylformamide [7].

Liquids 2023, 3, 7–18. https://doi.org/10.3390/liquids3010002 https://www.mdpi.com/journal/liquids
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In addition, experimental solubility data have been correlated with some mathematical
models, which have allowed one to optimize processes [6,16–18].

H2N

S
O

O

NH

N

N

Figure 1. Molecular structure of the sulfadiazine.

Although a large number of solubility data have been reported for SD in different
cosolvent mixtures, the generation of new data allows one to understand the possible
mechanisms involved in the dissolution process, as well as to compare and identif which
factors improve drug solubility.

In this context, the solubility data of SD in cosolvent mixtures acetonitrile (1) + 1-propanol
(2), two solvents with a similar solubility parameter, are reported (δ1 = 24.8 MPa1/2 and
δ2 = 24.9 [19]). Both acetonitrile (MeCN) and 1-propanol (n-PrOH) are solvents widely used
in the industry; acetonitrile is an aprotic solvent used in the pharmaceutical industry in the
manufacture of pharmaceutical products and in analytical processes (HPLC). On the other
hand, 1-propanol is an alcohol miscible with water and is classified as a class 3 residual solvent,
i.e., it has a low toxic potential for humans [20]. Solubility studies in these pure solvents and
their cosolvent mixtures would provide useful information in industrial processes.

In addition, a thermodynamic analysis and the entalphic-entropic compensation of
the SD solution process in MeCN + nPrOH mixtures is performed.

2. Materials and Methods

2.1. Reagents

Table 1 reports the reagents used in the development of this research.

Table 1. Source and purities of the compounds used in this research.

Chemical Name CAS a Source
Purity in
Mass Fraction

Analytic

Technique b

Sufadiazine 57-83-0 Sigma-Aldrich, Burlington,
MA, USA >0.990 HPLC

Acetonitrile 75-05-8 Merck Millipore, Burlington,
MA, USA 0.998 GC

1-Propanol 71-23-8 Merck Millipore, Burlington,
MA, USA 0.998 GC

Ethanol 64-17-5 Merck Millipore, Burlington,
MA, USA 0.998 GC

a Chemical Abstracts Service Registry Number. b HPLC is high-performance liquid chromatography; GC is
gas chromatography.

2.2. Preparation of Solvent Mixtures

Nineteen cosolvent mixtures of acetonitrile + 1-propanol from 0.05 through 0.95 in mass fraction
were prepared using an analytical balance (RADWAG AS 220.R2, Torun, Poland) of 4 decimal places
(sensitivity ±0.0001 g). Samples were prepared in amber glass vials with a capacity of 15 mL. For
each concentration, 3 samples of approximately 10.00 ± 0.00 g each were prepared.

2.3. Solubility Determination

The procedure of the flask agitation method proposed by Higuchi and Connors was
followed [21–23]. Initially, the pure solvents or cosolvent mixtures were saturated by adding
sufficient SD to each flask (see previous section) to obtain two phases. Subsequently, each
solution was deposited in a thermostatted circulation bath at each of the 9 study temperatures
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(278.15 K, 283.15 K, 288.15 K, 293.15 K, 298.15 K, 303.15 K, 308.15 K, 313.15 K, and 318.15 K)
during 48 h. Later, an aliquot of each sample was taken and filtered through a 0.45 μm
membrane; then, a gravimetric dilution was performed with absolute ethanol, and the concen-
tration of the solution was measured by UV/Vis spectrophotometry (UV/VIS EMC-11- UV
spectrophotometer, Dresden, Germany) at 268 nm (wavelength of maximum absorbance).

2.4. Calorimetric Study

The enthalpy and melting temperature of four SD samples were determined by dif-
ferential scanning calorimetry (DSC 204 F1 Phoenix, Dresden, Germany). A mass of
approximately 10.0 mg of each sample was deposited in an aluminum crucible and placed
in the calorimeter under a nitrogen flow of 10 mL·min−1. The heating cycle was developed
from 300 to 575 K, with a heating ramp of 10 K·min−1.

3. Results and Discussion

3.1. Experimental Mole Fraction Solubility (x3)

Table 2 reports the mole fraction solubility of SD in cosolvent mixtures {MeCN + 1-
PrOH} at nine temperatures (278.15 K, 283.15 K, 288.15 K, 293.15 K, 298.15 K, 303.15 K,
308.15 K, 313.15 K, and 318.15 K). With increasing temperature, the solubility of SD increases,
indicating an endothermic dissolution process. Concerning the cosolvent effect, solubility
usually depends on the polarity of the solvent, so the maximum solute solubility is reached
in the solvent or cosolvent mixture with a solubility parameter similar to the solute.

In this case, the solubility parameter of MeCN and PrOH are similar, so it is complex
to elucidate the relationship between the polarity of the solvent medium (the quasi-constant
solubility parameter, between 24.8 and 24.9 MPa1/2) and the SD (28.89 MPa1/2 [3]). Therefore,
regarding the solubility parameter, one alternative is to consider the three-dimensional solubility
parameter [24], which means the dispersion force (d), polar force (p), and hydrogen-bonding
force (h). In this way, PrOH (δd = 14.1 MPa1/2, δp = 10.1 MPa1/2, and δh = 17.1 MPa1/2 [19])
differs the most from MeCN (δd = 10.3 MPa1/2, δp = 11.1 MPa1/2, and δh = 19.6 MPa1/2 [19]) in
δd, so the increase in SD solubility with increasing PrOH concentration in the cosolvent mixture
is possibly due to the increase in non-polar interactions between PrOH and SD.

On the other hand, when evaluating the solubility behavior of SD considering the
Kamlet–Taft acidity scale α [25], SD behaves as an acid against MeCN (α = 0.29 ± 0.06 [25]),
which is a more basic solvent than 1-PrOH (α = 0.766 ± 0.013 [25]).

An important factor to consider is the possible formation of polymorphs since this
phenomenon affects drug solubility [26]. For this purpose, the solid phases of the original
sample and the phases in the equilibrium with pure MeCN, pure 1-PrOH, and in the
cosolvent mixture w0.50 were evaluated (Figure 2).

Table 3 shows the experimental values of the enthalpy and fusion temperatures of the
samples evaluated and some of the values taken from the literature. It is observed that the
values from the original sample and those from the solid phase in equilibrium were similar,
indicating that there were no polymorphic changes; furthermore, the results agree with
those reported by other authors.

Table 2. Experimental solubility of sulfadiazine (3) in {acetoitrile (1) + 1-propanol (2)} cosolvent
mixtures expressed in mole fraction (104x3) at different temperatures and p = 96 kPa ac.

w1
b

Temperature/K

278.15 283.15 288.15 293.15 298.15 303.15 308.15 313.15 318.15

0.00 0.152 0.210 0.275 0.388 0.471 0.587 0.721 0.913 1.097
0.05 0.179 0.228 0.288 0.394 0.490 0.588 0.740 0.938 1.187
0.10 0.203 0.254 0.326 0.407 0.518 0.650 0.821 1.038 1.303
0.15 0.226 0.285 0.362 0.455 0.577 0.720 0.907 1.140 1.431
0.20 0.250 0.317 0.401 0.503 0.635 0.789 0.990 1.241 1.543
0.25 0.281 0.346 0.435 0.536 0.675 0.843 1.055 1.310 1.642
0.30 0.312 0.389 0.486 0.599 0.744 0.926 1.144 1.424 1.753
0.35 0.353 0.433 0.538 0.662 0.816 0.992 1.242 1.520 1.875
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Table 2. Cont.

w1
b

Temperature/K

278.15 283.15 288.15 293.15 298.15 303.15 308.15 313.15 318.15

0.40 0.407 0.495 0.603 0.731 0.890 1.093 1.324 1.614 1.974
0.45 0.472 0.572 0.699 0.837 1.011 1.211 1.461 1.760 2.092
0.50 0.562 0.661 0.791 0.941 1.126 1.326 1.577 1.871 2.253
0.55 0.679 0.804 0.949 1.106 1.292 1.523 1.783 2.085 2.402
0.60 0.900 1.035 1.189 1.363 1.572 1.792 2.073 2.384 2.716
0.65 1.021 1.168 1.343 1.535 1.731 1.982 2.250 2.556 2.890
0.70 1.269 1.440 1.611 1.795 2.032 2.279 2.560 2.859 3.208
0.75 1.585 1.743 1.946 2.161 2.404 2.636 2.977 3.286 3.655
0.80 1.916 2.098 2.316 2.554 2.833 3.062 3.422 3.754 4.198
0.85 2.306 2.525 2.783 3.024 3.382 3.684 4.055 4.446 4.946
0.90 2.673 2.964 3.314 3.671 4.037 4.468 4.945 5.427 5.972
0.95 2.966 3.279 3.696 4.126 4.615 5.139 5.818 6.518 7.442
1.00 3.162 3.849 4.653 5.323 6.022 6.663 7.748 8.649 9.352

a p is the atmospheric pressure in Neiva, Colombia. b w1 is the mass fraction of acetonitrile (1) in the acetonitrile
(1) + 1-propanol (2) mixtures free of sulfadiazine (3) . c Standard uncertainty in p is u(p) = 3.0 kPa. Average
relative standard uncertainty in w1 is ur(w1) = 0.0008. Standard uncertainty in T is u(T) = 0.10 K. Average
relative standard uncertainties in x3 is ur(x3(1+2)) = 0.025.
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Figure 2. DSC thermograms of sulfadiazine.

Table 3. The thermophysical properties of SD obtained by the DSC.

Sample
Enthalpy of Fusion,

Δ f us H/kJ·mol−1 Melting Point Tf us/K Ref.

Original sample 44.36 ± 0.5 532.6 ± 0.5 This work
44.352 532.7 [27]
44.35 520.4 [28]
31.21 538.7 [29]

538.8 [29]
534.0 [30]
531.0 [30]
532.4 [2]
532.6 [15]

1-Propanol 44.23 ± 0.5 533.1 ± 0.5 This work
w0.50 44.45 ± 0.5 531.8 ± 0.5 This work
Acetonitrile 44.63 ± 0.5 532.4 ± 0.5 This work
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3.2. Ideal Solubility and Activity Coefficients

The possible molecular interactions that occur during the SD dissolution process in
MeCN + 1-PrOH cosolvent mixtures can be evaluated through the activity coefficients.

Firstly, the ideal solubility is calculated by the Equation (1) [31], where T and Tm (in K),
ΔmH is the solute enthalpy of fusion (in kJ mol−1), R is the gas constant (in kJ·mol−1·K−1),
and ΔCp is the differential heat capacity of fusion (in kJ·K−1·mol−1) [10]. Some researchers
such as Hildebrand et al. [32], Neau and Flynn [33], Neau et al. [34], and Opperhuizen
et al. [35] assume ΔCp as the entropy of fusion (ΔmS), which is calculated as Δm H/Tm

ln xid
3 = −ΔmH

R

(
Tm − T

TmT

)
+

ΔCp

R

(
Tm − T

T

)
− ΔCp

R
ln
(

Tm

T

)
(1)

Once the ideal solubility has been calculated, Equation (2) is used to calculate the
activity coefficient (γ3) from the experimental solubility (x3) data [32,36].

γ3 =
xid

3
x3

(2)

Finally, from Equation (3), γ3 can be interpreted in terms of molecular interactions [37,38].
Then, e11 and e33 represent the solvent–solvent and solute–solute iteration energy, re-
spectively, where e11 is related to the MeCN-MeCN, 1-PrOH-1-PrOH, and MeCN-PrOH
interactions. On the other hand, e13 represents the solute–solvent interaction energy, i.e.,
MeCN-SD, 1-PrOH-SD, and MeCN-SD-1-PrOH .

When the solution process behaves ideally e11 = e22 = e33, the values of γ3 greater
than 1 indicate that e11 and e22 control the solution process [39,40].

ln γ3 = (e11 + e33 − 2e13)
V3φ2

1
RT

(3)

Table 4. Activity coefficient of sulfadiazine (3) in {acetonitrile (1) + 1-propanol (2)} cosolvent mixtures
at different temperatures and pressure p = 0.096 MPa a.

w1
b

Temperature/K

278.15 283.15 288.15 293.15 298.15 303.15 308.15 313.15 318.15

0.00 99.13 85.70 77.99 65.65 63.99 60.63 58.11 53.93 52.59
0.05 84.04 78.98 74.30 70.00 65.49 60.58 56.63 52.48 48.61
0.10 74.19 70.73 65.77 62.60 58.24 54.78 51.08 47.46 44.28
0.15 66.68 63.11 59.26 55.88 52.23 49.44 46.24 43.21 40.34
0.20 60.09 56.77 53.50 50.63 47.48 45.10 42.33 39.70 37.40
0.25 53.51 52.02 49.28 47.50 44.62 42.21 39.74 37.59 35.15
0.30 48.31 46.26 44.09 42.45 40.53 38.44 36.65 34.59 32.92
0.35 42.63 41.53 39.84 38.45 36.92 35.87 33.75 32.41 30.78
0.40 37.01 36.33 35.54 34.82 33.87 32.58 31.66 30.51 29.23
0.45 31.92 31.45 30.65 30.42 29.82 29.40 28.70 27.98 27.59
0.50 26.79 27.22 27.07 27.04 26.77 26.84 26.59 26.32 25.62
0.55 22.16 22.36 22.57 23.00 23.33 23.37 23.51 23.62 24.03
0.60 16.72 17.38 18.02 18.67 19.17 19.87 20.22 20.66 21.25
0.65 14.74 15.40 15.95 16.58 17.41 17.96 18.63 19.27 19.97
0.70 11.86 12.49 13.30 14.18 14.83 15.62 16.38 17.23 17.99
0.75 9.49 10.32 11.01 11.78 12.54 13.50 14.08 14.99 15.79
0.80 7.85 8.57 9.25 9.96 10.64 11.62 12.25 13.12 13.74
0.85 6.53 7.12 7.70 8.42 8.91 9.66 10.34 11.08 11.67
0.90 5.63 6.07 6.47 6.93 7.47 7.97 8.48 9.07 9.66
0.95 5.07 5.49 5.80 6.17 6.53 6.93 7.21 7.56 7.75
1.00 4.76 4.67 4.60 4.78 5.00 5.34 5.41 5.69 6.17

a p is the atmospheric pressure in Neiva, Colombia. b w1 is the mass fraction of acetonitrile (1) in the {acetonitrile
(1) + 1-propanol (2)} mixtures free of sulfadiazine (3).

According to the data reported in Table 4, the increase in temperature favors the
solute–solvent interactions in general. Moreover, when analyzing the influence of cosolvent
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composition, it is deduced that MeCN-SD interactions are more favorable than 1-PrOH-SD
interactions.

3.3. Thermodynamic Functions of Solution

The thermodynamic solution functions (Table 5), enthalpy (ΔsolnH◦), Gibbs energy
(ΔsolnG◦), and entropy of solution (ΔsolnS◦) (in kJ·mol−1) were calculated by the Gibbs–van’t
Hoff–Krug model from the SD experimental solubility data (Table 2) [41,42] by means of
the Equations (4)–(6).

ΔsolnH◦ = −R

⎛⎝ ∂ ln x3

∂
(

T−1 − T−1
hm

)
⎞⎠

p

(4)

ΔsolnG◦ = −RThm.intercept (5)

ΔsolnS◦ = (ΔsolnH◦ − ΔsolnG◦)T−1
hm (6)

where Thm is the harmonic temperature (in K) and R is the gas constant (kJ·mol−1·K−1).
The contributions of enthalpy and entropy to the Gibbs energy ζH and ζTS were

calculated using the Equations (7) and (8)

ζH = |ΔsolnH◦|(|TΔsolnS◦|+ |ΔsolnS◦|)−1 (7)

ζTS = 1 − ζH (8)

Table 5. Thermodynamic functions of the solution process of sulfadiazine (3) in {acetonitrile (1) +
1-propanol (2)} co-solvent mixtures at Thm = 297.6 K a.

w1
b ΔsolnG◦/ Δsoln H◦ ΔsolnS◦ ThmΔsolnS◦

ζH
c ζTS

c
(kJ·mol−1) (kJ·mol−1) (J·mol−1·K−1) (kJ·mol−1)

0.00 24.79 36.09 37.94 11.29 0.76 0.24
0.05 24.70 34.77 33.83 10.07 0.78 0.22
0.10 24.43 34.27 33.07 9.84 0.78 0.22
0.15 24.17 33.95 32.85 9.77 0.78 0.22
0.20 23.94 33.43 31.89 9.49 0.78 0.22
0.25 23.76 32.56 29.56 8.80 0.79 0.21
0.30 23.52 31.76 27.69 8.24 0.79 0.21
0.35 23.30 30.71 24.89 7.41 0.81 0.19
0.40 23.07 29.03 20.05 5.97 0.83 0.17
0.45 22.78 27.41 15.58 4.64 0.86 0.14
0.50 22.51 25.50 10.03 2.99 0.90 0.10
0.55 22.15 23.28 3.79 1.13 0.95 0.05
0.60 21.68 20.37 −4.40 −1.31 0.94 0.06
0.65 21.43 19.14 −7.71 −2.29 0.89 0.11
0.70 21.04 17.00 −13.58 −4.04 0.81 0.19
0.75 20.62 15.43 −17.47 −5.20 0.75 0.25
0.80 20.23 14.33 −19.83 −5.90 0.71 0.29
0.85 19.79 13.97 −19.56 −5.82 0.71 0.29
0.90 19.34 14.79 −15.29 −4.55 0.76 0.24
0.95 18.99 16.82 −7.29 −2.17 0.89 0.11
1.00 18.43 19.73 4.34 1.29 0.94 0.06

a Average relative standard uncertainty in w1 is ur(w1) = 0.0008. Standard uncertainty in T is u(T) = 0.10 K.
Average relative standard uncertainty in apparent thermodynamic quantities of real dissolution processes are
ur(ΔsolnG◦) = 0.015, ur(Δsoln H◦) = 0.019, ur (ΔsolnS◦) = 0.024, and ur(TΔsolnS◦) = 0.024. b w1 is the mass fraction
of acetonitrile (1) in the {acetonitrile (1) + 1-propanol (2)} mixtures free of sulfadiazine (3). c ζH and ζTS are the
relative contributions by enthalpy and entropy toward the apparent Gibbs energy of dissolution.

As the concentration of MeCN in the cosolvent mixtures increases, the solution Gibbs
energy decreases from pure 1-PrOH to pure MeCN. The solution enthalpy decreases from
pure 1-PrOH to w0.85, and from this mixture to pure MeCN, the enthalpy of the solution
increases. The enthalpy decrease in 1-PrOH-rich and intermediate mixtures is probably due
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to solvent–solvent bond breaking, which agrees with the increase in solubility. However, in
MeCN-rich mixtures, the enthalpy increases possibly due to the MeCN tendency to form
micro-cluster [43], which leads to the formation of MeCN-MeCN bonds and increases the
enthalpy of the solution.

The solution entropy follows a similar pattern as the enthalpy of the solution, de-
creasing from pure 1-PrOH to w0.85 and then increasing to pure MeCN. Finally, when
analyzing the solution enthalpy and entropy contribution to the Gibbs energy, the energetic
component, i.e., the solution enthalpy, is the main source (>71%). This was verified by
Perlovich’s analysis (Figure 3) since when plotting ΔsolnH◦ vs. TΔsolnS◦, all of the val-
ues were recorded in the sector I (ΔsolnHo > TΔsolnS◦) and the sector VIII (ΔsolnH◦ > 0,
TΔsolnS◦ < 0, |ΔsolnH◦| > |TΔsolnS◦|), indicating an enthalpic conduction of the dissolution
process [44,45].
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Figure 3. Relation between enthalpy (ΔsolnH◦) and entropy (ThmΔsolnS◦) in terms of the process of
sulfadiazine (3) solution in {MeCN (1) + 1-PrOH (2)} cosolvent mixtures at 297.6 K. The isoenergetic
curves for ΔsolnG◦ are represented by dotted lines.

3.4. Thermodynamic Functions of Mixing

The solution process involves the change of state of the solute (Solutesolid,T → Solute
solid,Tm → Soluteliquid,Tm → SoluteLiquid,T); the molecular reorganization of the solvent to
form a cavity to house the solute; and the mixing process (Table 6), which involves the
molecular interaction between the solute and the solvent to form the solution (Soluteliquid,T
→ Solute soln) [31,46,47]. The solution process can be described by Equation (9)

Δsol f ◦ = Δmix f ◦ + Δm f ◦ (9)

Clearing Δmix f ◦ Equation (9), we obtain:

Δmix f ◦ = Δsoln f ◦ − Δm f ◦ (10)

The mixing Gibbs energy was positive in each case and decreased from pure 1-PrOH
to pure MeCN. This indicates that as the concentration of MeCN in the cosolvent mixtures
increases, lower energy is required to generate the cavity where the solute is accommo-
dated. The enthalpy of mixing decreases from 1-PrOH to w0.85, and from this cosolvent
composition to pure MeCN it increases. Similarly, the entropy of mixing was negative in
each case and behaved similarly to the enthalpy of mixing. In general, from 1-PrOH up to
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w0.50, the solution process is disfavored by the thermodynamic mixing functions, and from
w0.55 up to MeCN, the solution process is favored by the mixing enthalpy.

According to Perlovich’s analysis (Figure 4) from 1-PrOH up to w0.30, the mixing
process is driven by the enthalpy of mixing (Sector VIII: ΔmixH◦ > 0, TΔmixS◦ < 0,
|ΔmixH◦| > |TΔmixS◦|); from w0.30 to w0.50 (Sector VII: ΔmixH◦ > 0, TΔmixS◦ < 0, |ΔmixH◦|
< |TΔmixS◦|) and from w0.50 to pure MeOH (Sector VI:ΔmixH◦ < 0, TΔmixS◦ < 0, |ΔmixH◦|
< |TΔmixS◦| ), the process is driven by the entropy of mixing [44,45] .

Table 6. Thermodynamic functions relative to mixing processes of sulfadiazine (3) in {acetonitrile (1)
+ 1-propanol (2)} co-solvent mixtures at Thm = 297.6 K a.

w1
b ΔmixG◦ Δmix H◦ ΔmixS◦ TΔmixS◦

(kJ·mol−1) (kJ·mol−1) (J·mol−1 · K−1) (kJ·mol−1)

0.00 13.51 11.24 −7.62 −2.27
0.05 13.41 9.92 −11.74 −3.49
0.10 13.14 9.42 −12.50 −3.72
0.15 12.88 9.10 −12.72 −3.78
0.20 12.65 8.58 −13.67 −4.07
0.25 12.47 7.71 −16.00 −4.76
0.30 12.23 6.91 −17.88 −5.32
0.35 12.01 5.86 −20.67 −6.15
0.40 11.78 4.18 −25.51 −7.59
0.45 11.49 2.57 −29.99 −8.92
0.50 11.22 0.65 −35.53 −10.57
0.55 10.86 −1.57 −41.77 −12.43
0.60 10.39 −4.48 −49.96 −14.87
0.65 10.14 −5.71 −53.27 −15.85
0.70 9.75 −7.85 −59.15 −17.60
0.75 9.33 −9.42 −63.03 −18.76
0.80 8.94 −10.52 −65.39 −19.46
0.85 8.50 −10.88 −65.13 −19.38
0.90 8.05 −10.06 −60.86 −18.11
0.95 7.70 −8.02 −52.85 −15.73
1.00 7.14 −5.12 −41.22 −12.27

a Average relative standard uncertainty in w1 is ur(w1) = 0.0008. Standard uncertainty in T is u(T) = 0.10 K.
Average relative standard uncertainties in apparent thermodynamic quantities of real dissolution processes are
ur (ΔmixG◦) = 0.015, ur(Δmix H◦) = 0.019, ur (ΔmixS◦) = 0.024, and ur(TΔmixS◦)= 0.024. b w1 is the mass fraction of
acetonitrile (1) in the {acetonitrile (1) + 1-propanol (2)} mixtures free of sulfadiazine (3).
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Figure 4. Relation between enthalpy (ΔmixH◦) and entropy (ThmΔmixS◦) of the process mixing of
sulfadiazine (3) in {MeCN (1) + 1-PrOH (2)} cosolvent mixtures at 297.6 K. The isoenergetic curves for
ΔmixG◦ are represented by dotted lines.
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3.5. Enthalpy–Entropy Compensation Analysis

Enthalpy–entropy compensation is defined by Ryde as the cancellation of an entropy
increase, generated by the non-covalent interaction of two molecules (solute–solvent), by a
simultaneous decrease in enthalpy [48]. This phenomenon creates a linear enthalpy–entropy
relationship when changes in solubility occur as a consequence of changes in cosolvent
composition (Figure 5). Therefore, an adverse enthalpy change is compensated for by a
favorable entropy change that allows for the process to occur.

According to Sharp, when ΔsolnG◦ changes are present, there is a linear relation-
ship between ΔsolnH◦ and TΔsolnS◦, which is a strong enthalpy–entropy compensation
indicator [49].

Following this, by analyzing the enthalpic–entropic compensation of the drug solution
process in cosolvent mixtures, the mechanisms involved in the solution process can be
identified. This can be done by evaluating the thermodynamic effects of the solute–solvent
molecular interactions, such as the formation of hydrogen bonds [6,50,51].

The enthalpy–entropy compensation can be evaluated through two graphic models:
(i) ΔsolnH◦ vs. ΔsolnG◦, where negative slopes indicate entropic driving and positive slopes
enthalpy driving; and (ii) ΔsolnH◦ vs. TΔsolnS◦, where slopes >1.0 indicate enthalpy driving
and slopes <1.0 indicate entropic driving. Hence, according to Figures 5 and 6, from 1-PrOH
to w0.85, the process is driven by the enthalpy of solution, and from w0.85 to pure MeCN,
the process is driven by entropy.
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Figure 5. Enthalpy–entropy compensation plot for the solubility of SD (3) in {MeCN(1) + 1-PrOH(2)}
mixtures at Thm = 297.6 K.
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4. Conclusions

The solubility of sulfadiazine in acetonitrile + 1-propanol cosolvent mixtures is an
endodermal process, and it is dependent on the cosolvent composition. Sulfadiazine
tends to present an acidic character relative to acetonitrile, increasing its solubility as
the concentration of acetonitrile increases. In the latter, the lowest values of the activity
coefficient were obtained, indicating quasi-ideal behavior in MeCN-rich mixtures.

Regarding the thermodynamic functions of solution , the solution Gibbs energy is
highly dependent on the enthalpy values, and overall the solution process is favored by
entropy in 1-propanol-rich mixtures. The mixing process is driven by the enthalpy in
1-propanol-rich and intermediate mixtures, and in acetonitrile-rich mixtures, the mixing
process is driven by the entropy.

Finally, according to the enthalpy–entropy compensation analysis, the process is
driven by the enthalpy in acetonitrile-rich and intermediate mixtures and by the entropy in
1-propanol-rich mixtures.
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Abstract: Fluorous solvents are deputed as prominent solvent systems owing to their salient
features, unique physical properties, and ecological importance. In this study, the temperature-
and composition-dependence of physical properties, density (ρ/g·cm−3), and dynamic viscosity
(η/mPa·s), of neat perfluorodecalin (PFD) and PFD-added n-hexane mixtures with select compo-
sitions are reported. Density follows a linear decrease with temperature and a quadratic increase
with the mole fraction of PFD. The sensitivity or dependence of density on temperature increases
with an increase in PFD mole fraction. The temperature-dependence of the dynamic viscosity of the
investigated mixtures follows the Arrhenius-type expression from which the resultant activation en-
ergy of the viscous flow (Ea,η) is determined. Interestingly, the composition-dependence of dynamic
viscosity shows exponential growth with an increase in PFD mole fraction. Excess molar volumes
(VE) and deviation in the logarithmic viscosities Δ(ln η) of the mixtures are calculated to highlight
the presence of strong repulsive interactions between the two mixture components.

Keywords: fluorous solvents; perfluorodecalin; n-hexane; density; dynamic viscosity; excess molar
volume; excess logarithmic viscosity

1. Introduction

The solvent media is crucial in defining chemical reactivity, molecular associations, and
catalytic properties of any chemical reaction. Fluorous chemistry employing perfluorinated
hydrocarbons as solvent systems opens new avenues as alternative solvent media to highly
toxic, flammable, non-biodegradable, and environmentally-persistent conventional organic
solvents and ionic liquids (ILs) [1–5]. Perfluorinated solvents are designated as “fluorous”
solvents, analogous to the term aqueous, and are widely accepted as highly non-polar
and solvophobic in nature. Fluorinated solvents exhibit temperature-dependent solubility
with organic solvents [6,7]. This unique thermomorphic effect enables switching between
heterogeneous and homogeneous phases of fluorous solvents with organic liquids and
subsequent mass transfer. The unique solvophobicity of fluorous solvents enables their use
in biphasic catalysis and separation techniques [8,9].

Fluorous solvents are used in numerous applications, including the synthesis of
nanoparticles [10], in enzymatic and homogeneous catalysis [11], biomolecular separations,
microfluidic devices, components of artificial blood, and green chemistry [12]. Cyclic
perfluorinated solvents are used as substitutes for blood plasma due to their remarkable
stability; capability of dissolving two biologically important gases, oxygen and carbon
dioxide; and their nontoxic nature [13]. Toxicity associated with fluorous solvents, in
general, is a topic of intense research [14,15]. Despite having a plethora of applications
and unique properties as a solvent medium, studies including fluorous solvents are scarce.
Physical properties like dynamic viscosity, density, refractive index, and surface tension
play a crucial role in developing typical applications of a solvent and help expand its
application potential.

In this work, we have reported the temperature and composition dependence of two
crucial thermophysical properties—density and dynamic viscosity—of a mixture consisting
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of a fluorous solvent shown in Figure 1, octadecafluorodecahydronaphthalene (commonly
known as perfluorodecalin, PFD), and a common and popular organic solvent, n-hexane.
PFD is a stable, colorless perfluorinated derivative of decalin and is chemically and bi-
ologically inert. It can exist in two isomeric forms, cis-isomer and trans-isomer. Due to
its remarkable capacity to dissolve oxygen, it is used in several medical applications, in-
cluding storing organs and tissues, an ingredient in fluosol, and in liquid breathing [13,16].
Interestingly, the two non-polar solvents, one hydrocarbon and one fluorocarbon, show
complete miscibility at each composition investigated and at every temperature ≥288 K
(standard uncertainty: u(T) = ±0.05 K). In addition, the easy tunability of the composi-
tion of two mixture components allows us to study the composition-dependence of the
investigated thermophysical properties as well; consequently, molar excess properties are
also evaluated.

Figure 1. Structure of perfluorodecalin (PFD).

2. Materials and Methods

The investigated mixtures were prepared by mixing PFD (>95.0% from Tokyo Chemi-
cals Industry Co. Ltd., Tokyo, Japan) and n-hexane (≥99.0% from Sigma-Aldrich, St. Louis,
Missouri, MO, USA) in their respective pre-calculated amount using a Denver Instrument
balance having a precision of ±0.1 mg. Neat PFD, neat n-hexane, and three stable and
homogeneous solutions having mole fraction ratio: xPFD/xHex = 0.2/0.8; 0.5/0.5; 0.8/0.2
were used for physical property determination. Densities (ρ) of the neat components, as
well as of the (PFD + n-hexane) mixtures, were measured using a Mettler Toledo, DE45
delta range density meter. The density measurement with the above-mentioned density
meter was based on the electromagnetically induced oscillations of a U-shaped glass tube.
The standard deviations associated with the density measurement are ±0.0001 g·cm−3. The
measurements were performed in a temperature range (293 to 333 K). The dynamic vis-
cosities (η) were measured with a Peltier-based (resolution of 0.01 K and accuracy <0.05 K)
automated Anton Paar microviscometer (model AMVn) having calibrated glass capillaries
of different diameters (1.6, 1.8, 3.0, and 4.0 mm). This instrument is based on the rolling-ball
principle, wherein a steel ball rolls down the inside of inclined, sample-filled calibrated
glass capillaries. The deviation in η was ±0.001 mPa·s.

3. Results and Discussion

The two non-polar hydrocarbons, PFD and n-hexane, have an atmospheric boiling
point of 415 K and 342 K, respectively. The density and dynamic viscosity of neat PFD
(1.917 g·cm−3 and 5.412 mPa·s, respectively) and neat n-hexane (0.6593 g·cm−3 and
0.300 mPa·s, respectively) at 298 K are reported in the literature [17,18]. These reported
values are in good agreement with our measured values (vide infra). The slight disparities
in the values may be attributed to the differences in the instrumentation used, the purity of
the chemicals, and the source of the compounds.

3.1. Density of PFD and (PFD + n-Hexane) Mixtures

Experimentally measured densities of PFD and (PFD + n-hexane) mixtures as a func-
tion of temperature in the range (293 to 333) K at select compositions are reported in
Table 1. As expected, with increase in temperature, the densities of PFD, n-hexane, and
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their mixtures were found to decrease primarily due to thermal expansion and follow a
linear dependence according to the equation:

ρ = ρ0,T + aT (1)

where ρ/g·cm−3 is the density of (PFD + n-hexane) mixtures. The values of the parameters
ρ0,T(representing density at T = 0 K) and the slope a along with the standard deviation of
the fits are listed in Table 2 (measured densities of (PFD + n-hexane) mixtures along with
the fits to a linear expression are presented in Figure 2).

Table 1. Densities a (ρ/g·cm−3) of the investigated mixtures of PFD and n-hexane at different mole
fraction ratios at pressure p b = (0.1 MPa) and temperature T c = (293 K to 333 K).

xPFD
d

T/K

293 298 303 313 323 333

0.0 0.6596 0.6553 0.6515 0.6413 0.6320 0.6219
0.2 1.0433 1.0355 1.0298 1.0134 0.9983 0.9835
0.5 1.4735 1.4633 1.4553 1.4332 1.4127 1.3943
0.8 1.7855 1.7750 1.7661 1.7420 1.7199 1.7015
1.0 1.9412 1.9303 1.9212 1.8961 1.8733 1.8468

a Standard uncertainty: u(ρ ) = ±0.0001 g·cm−3; b Standard uncertainty: u(p) = ±0.005 MPa; c Standard uncertainty:
u(T) = ±0.05 K; d Standard uncertainty: u(x) = ±0.01.

Table 2. Result of the regression analysis of density (ρ/g·cm−3) versus temperature (T/K) data
according to equation: ρ/(g·cm−3) = ρ0,T/(g·cm−3) + a(T/K) for the investigated mixtures at different
mole ratios over the temperature range 293 K to 333 K. a

xPFD
b ρ0,T (g·cm−3) a 10−3 (g·cm−3·K−1) R2

0.0 0.9379 ± 0.0048 −0.9 ± 0.01 0.9990
0.2 1.4839 ± 0.0064 −1.5 ± 0.02 0.9993
0.5 2.0610 ± 0.0094 −2.0 ± 0.03 0.9991
0.8 2.4134 ± 0.0134 −2.1 ± 0.04 0.9984
1.0 2.6338 ± 0.0154 −2.4 ± 0.05 0.9982

a Standard uncertainties u are, u(T) = ±0.05 K, u(ρ) = ±0.0001 g·cm−3; b Standard uncertainty: u(x) = ±0.01;
Standard deviations are given with ± sign.

A careful examination of the density data presented in Tables 1 and 2, along with
Figure 2, indicates the density of PFD to be not only higher than that of water but also
that it is significantly higher than that of n-hexane (almost 3-fold) at all temperatures. It
is inferred that biphasic aqueous extractions using PFD would have PFD as the lower
phase and water as the higher phase, as opposed to several organic non-polar solvents
that have densities lower than that of water. It is also interesting to note that the density
of the PFD is much more sensitive to temperature variation compared to the density of
n-hexane (the slope of ρ vs. T is −2.4 (± 0.05) × 10−3 g·cm3·K−1 for PFD as opposed to only
−0.9 (± 0.01) × 10−3 g·cm3·K−1 for n-hexane). Such a high sensitivity of density on
temperature for PFD may find uses in several industrial applications and processes and
also as temperature sensors based on physical property changes [19].

As expected, the density of n-hexane increases monotonically as PFD is gradually
added to it (Figure 3). The increase in density with increasing PFD mole fraction in
the mixture is not linear, and it rather shows a downward curvature and best fits a
quadratic expression:

ρ = ρ0,xPFD + bxPFD + cx2
PFD (2)

where xPFD is the mole fraction of PFD in the (PFD + n-hexane) mixtures, and values
of parameters ρ0,xPFD , b, and c are listed in Table 3, while the fits are represented with
dark curves in Figure 3. Quadratic dependence of the density on PFD mole fraction of
the (PFD + n-hexane) mixtures is clearly established. Excess molar volume (VE) was
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estimated using equation 3 to assess the extent of molecular-level interactions within
(PFD + n-hexane) mixtures.

VE=
(xPFDMPFD + xn-hexane Mn-hexane)

ρm
–
(

xPFDMPFD

ρPFD
+

xn-hexaneMn-hexane
ρn-hexane

)
(3)

Figure 2. Variation in densities of the investigated mixtures with temperature at different
mole fraction ratios and at pressure p = 0.1 MPa. The solid line represents fit to the equation
ρ/(g·cm−3) = ρ0,T/(g·cm−3) + a(T/K). Parameters ρ0,T and a, along with R2 are provided in Table 2.

Figure 3. Variation in densities of the investigated mixtures with varying mole ratios of the con-
stituents at different temperatures (T = 293 to 333 K) and at pressure p = 0.1 MPa. The solid line
represents fit to the equation ρ/(g·cm−3) = ρ0,xPFD /(g·cm−3) + b(xPFD) + c(xPFD

2). Parameters ρ0,xPFD ,
b, and c, along with R2, are provided in Table 3.
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Table 3. Result of the regression analysis of density (ρ/g·cm−3) versus mole fraction of PFD (xPFD)
data according to equation: ρ/(g·cm−3) = ρ0,xPFD /(g·cm−3) + b(xPFD) + c(xPFD

2) for the investigated
mixtures over the temperature range 293 K to 333 K. a

T/K ρ0,xPFD
(g·cm−3) b c R2

293 0.6661 ± 0.0107 1.9682 ± 0.0548 −0.6984 ± 0.0529 0.9998
298 0.6616 ± 0.0102 1.9521 ± 0.0526 −0.6883 ± 0.0508 0.9998
303 0.6578 ± 0.0103 1.9409 ± 0.0527 −0.6824 ± 0.0509 0.9998
313 0.6474 ± 0.0099 1.9091 ± 0.0507 −0.6650 ± 0.0489 0.9998
323 0.6378 ± 0.0095 1.8789 ± 0.0487 −0.6478 ± 0.0471 0.9998
333 0.6267 ± 0.0076 1.8682 ± 0.0392 −0.6507 ± 0.0379 0.9999

a Standard uncertainties u are, u(T) = ±0.05 K, u(ρ) = ±0.0001 g·cm−3, u(x) = ±0.01. Standard deviations are
given with ± sign.

Here, xPFD, xn-hexane, and ρPFD, ρn-hexane refer to the mole fractions and densities,
respectively, of PFD and n-hexane at a given temperature, and ρm is the density of the
mixture. MPFD and Mn-hexane are the molecular weights of PFD and n-hexane, respectively.
The VE at each investigated temperature for (PFD + n-hexane) mixtures are presented as
a function of xPFD in the inset of Figure 3. It is clear that, irrespective of the T, VE are
mostly positive and have maxima at ca. xPFD = 0.2. The positive VE points to volume
expansion on mixing PFD and n-hexane and thus hints more at the presence of repulsive
interaction (s) between PFD and n-hexane or weaker interactions between them than the
interactions present within neat PFD and n-hexane, respectively. It may be inferred that
the incompatibility of fluorous solvents with most non-fluorous substances brings in the
repulsive interaction when the two substances are mixed.

3.2. Dynamic Viscosity of PFD and (PFD + n-Hexane) Mixtures

Experimentally measured dynamic viscosities (η/mPa·s) of PFD and (PFD + n-hexane)
mixtures in the temperature range (293 to 333) K are reported in Table 4. It is to be noted
that η of PFD is much higher than that of n-hexane and is comparable to 2-ethyl-1-hexanol
and other mid-chain alkyl alcohols. While in such alcohols, H-bonding usually gives rise to
higher η; in PFD the interaction between fluorine atoms may cause similar η values [20].

Table 4. Dynamic viscosity a (η /mPa·s) of the investigated mixtures of PFD and n-hexane at different
mole fraction ratios at pressure p b = (0.1 MPa) and temperature T c = (293 K to 333 K).

xPFD
d T/K

293 298 303 313 323 333

0.0 0.349 0.322 0.317 0.291 0.271 0.255
0.2 0.572 0.536 0.509 0.458 0.420 0.387
0.5 1.271 1.173 1.060 0.892 0.768 0.669
0.8 3.179 2.816 2.524 2.050 1.703 1.435
1.0 6.535 5.647 4.925 3.815 3.152 2.446

a Standard uncertainty: u(η) = ±0.001 mPa·s. b Standard uncertainty: u(p) = ±0.005 MPa. c Standard uncertainty:
u(T) = ±0.05 K. d Standard uncertainty: u(x) = ±0.01.

As expected, with an increase in temperature from (293 to 333) K, a monotonic decrease
in η is observed for a given composition of (PFD + n-hexane) mixture (Table 4). The
temperature dependence of η follows the most simplistic Arrhenius-like behavior:

ln η = ln Aη +
Ea,η

RT
(4)

where Aη is a parameter, and Ea,η is the activation energy of the viscous flow.
Figure 4 demonstrates the plots of ln η versus 1/T for (PFD + n-hexane) mixtures. The

best fit lines are according to Arrhenius expression and the recovered parameters ln Aη
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and Ea,η along with goodness-of-fit are presented in Table 5. As expected, Ea,η increases
monotonically as the concentration of the component with higher η PFD is increased in the
mixture; neat PFD has the highest Ea,η . It is established that fluorous liquid, PFD, possesses
relatively high activation energy of viscous flow compared to the organic solvent n-hexane.

Figure 4. Variation in ln η of the investigated mixtures with T−1 at different mole fraction ra-
tios and at pressure p = 0.1 MPa. The solid curves represent the best fit to the Arrhenius model:
ln(η/mPa·s) = ln(Aη) +

Ea,η
RT . Parameters ln (Aη), and Eα,η , along with R2 are reported in Table 5.

Table 5. Summary of parameters associated with dynamic viscosity of the investigated mixtures
according to the Arrhenius model using the equation: ln η = ln Aη + Ea/RT.

xPFD ln Aη Ea,η/kJ·mol−1 R2

0.0 −3.589 ± 0.130 6.14 ± 0.33 0.9883
0.2 −3.794 ± 0.062 7.87 ± 0.16 0.9983
0.5 −5.275 ± 0.055 13.45 ± 0.14 0.9996
0.8 −5.465 ± 0.065 16.12 ± 0.17 0.9999
1.0 −6.303 ± 0.066 19.92 ± 0.17 0.9999

Standard deviations are given with ± sign.

The increase in η with the increasing mole fraction of PFD in the (PFD + n-hexane)
mixture is found to be exponential, as per the equation:

η = η0 + d exp( f xPFD) (5)

Fits are presented in Figure 5, whereas the recovered parameters η0, d, and f, along
with the goodness-of-the-fit in terms of R2, are given in Table 6. In order to assess the
interactions within (PFD + n-hexane) mixtures, deviation in logarithmic viscosities, Δ(ln η),
are estimated from the equation [21],

Δ(ln η) = ln ηm − [xPFD ln ηPFD + xn-hexane ln ηn-hexane] (6)

where ηm is the dynamic viscosity of the (PFD + n-hexane) mixture, and xPFD, xn-hexane,
and ηPFD, ηn-hexane refer to the mole fractions and dynamic viscosities, respectively, of
PFD and n-hexane at a given temperature. Plots of Δ(ln η) versus for (PFD + n-hexane)
mixtures in a temperature range (293 to 333 K) are presented in the inset of Figure 5. A
careful examination of Figure 5 reveals that, irrespective of the T, Δ(ln η) are negative and
that no clear trend exists with variation in T. The negative Δ(ln η) further emphasizes the
lack of attractive interaction within the (PFD + n-hexane) mixture; it rather indicates that
repulsive interactions are present between PFD and n-hexane within the mixture, leading
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to lower viscosities than expected ideally. In this context, the negative Δ(ln η) corroborates
and compliments the positive VE.

Figure 5. Variation in dynamic viscosities of the investigated mixtures with varying mole ratios of
the constituents at different temperatures (T = 293 to 333 K) and at pressure p = 0.1 MPa. The solid
line represents fit to the equation η/(mPa·s) = η0/(mPa·s) + d· ef (xPFD). Parameters η0, d, and f , along
with R2, are provided in Table 6.

Table 6. Result of the regression analysis of dynamic viscosity (η/mPa·s) versus mole fraction of PFD
(xPFD) data according to equation: η/(mPa·s) = η0/(mPa·s) + d· ef (xPFD) for the investigated mixtures
over the temperature range 293 K to 333 K. a

T/K η0 (mPa·s) d f R2

293 0.238 ± 0.060 0.151 ± 0.020 3.726 ± 0.130 0.9997
298 0.212 ± 0.063 0.151 ± 0.023 3.583 ± 0.149 0.9996
303 0.201 ± 0.041 0.145 ± 0.016 3.482 ± 0.107 0.9998
313 0.174 ± 0.028 0.137 ± 0.012 3.275 ± 0.084 0.9999
323 0.156 ± 0.024 0.130 ± 0.012 3.093 ± 0.085 0.9999
333 0.142 ± 0.031 0.124 ± 0.016 2.924 ± 0.121 0.9997

a Standard uncertainties u are u(T) = ±0.05 K, u(η) = ±0.001 mPa·s, u(x) = ± 0.01; Standard deviations are given
with ± sign.

It is clear from the density and dynamic viscosity of the (PFD + n-hexane) mixtures
that unfavorable interactions exist between PFD and n-hexane within the mixture, as
documented by the nature of the fluorous solvents in general. The fact that the fluorous
solvents exhibit contrast in properties as compared to the common organic solvents is
established nonetheless.

4. Conclusions

Fluorous solvents are notorious for their immiscibility with organic solvents and ILs.
PFD shows complete miscibility with only a few organic solvents, especially short-chain
hydrocarbons. The extreme non-polarity and the presence of the most electronegative
fluorine atom play a key role in determining their properties. The density and dynamic
viscosity of n-hexane show greater sensitivity towards temperature with an increase in PFD
composition in the mixture. The contrasting behavior of PFD as compared to n-hexane
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is demonstrated. Both VE and Δ(ln η) hint at the repulsive interactions between PFD
and n-hexane. The stark differences in the molecular architecture and the size of the two
components might be responsible for such interactions. The work suggests that fluorous
liquids may be used to effectively modulate the physical properties of common organic
solvents. The data presented in this work is the beginning of physicochemical data on
fluorous solvents as these solvents may afford a link between the interactions present in
the gas phase and in the condensed phase.
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Abstract: The solvent-excluded volume effect is an under-appreciated general phenomenon occurring
in liquids and playing a fundamental role in many cases. It is quantified and characterized by means
of the theoretical concept of cavity creation and its Gibbs free energy cost. The magnitude of the
reversible work of cavity creation proves to be particularly large in water, and this fact plays a key
role for, among other things, the poor solubility of nonpolar species, the formation of host–guest
complexes, and the folding of globular proteins. An analysis of some examples is provided in the
present review.

Keywords: cavity creation; solvent-excluded volume effect; hydration of noble gases; host–guest
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1. Introduction

The starting point of any theory able to describe processes occurring in liquids
(i.e., pure liquids or solutions) is the recognition that a suitable void space, a cavity, has to
be created to allow solute insertion [1–21]. This is the simple consequence of the fact that
liquids are a condensed state of matter and each molecule possess its own body. Cavity
creation leads to a decrease in the number of configurations accessible to liquid molecules
and thus leads to a solvent-excluded volume effect [22–25]. These words are right, but
the matter has to be spelled out in more detail to reach a correct understanding (note that
cavity creation is a theoretical concept and cannot be studied by performing experiments).
Keeping a constant temperature and pressure, the creation of a cavity leads to an increase
in liquid volume by the partial molar volume of the cavity itself. This volume increase
does not cancel the solvent-excluded volume effect. If the cavity is to exist, the center of
liquid molecules (assumed to be spherical) cannot go beyond the solvent-accessible surface
area, SASA, and WASA in water [26], of the cavity itself. This means that the shell between
the cavity van der Waals surface and the SASA is excluded to liquid molecules, causing a
decrease in accessible configurations for basic geometric reasons. The latter constraint does
affect the translational motion of all the liquid molecules, not solely the ones in the first
solvation shell of the cavity (i.e., of the solute molecule to be hosted).

The solvent-excluded volume effect can be measured by calculating the reversible
work of cavity creation, ΔGC, by means of analytical theories or computer simulations.
Classic scaled particle theory, SPT [23–25,27–29], is a simple, geometry-based statistical
mechanical model providing analytical formulas to calculate ΔGC for cavities of simple
shape (i.e., a sphere, a prolate spherocylinder, and others) in liquids made up of hard
particles. Its use in the case of water may appear strange, but it works well because
the real liquid density is used as input in classic SPT calculations (i.e., density provides
indirect information on the strength of the intermolecular attractions existing among liquid
molecules; in addition, on the H-bonds between water molecules [30,31]). The classic SPT
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formulas to create a spherical cavity in a liquid (neglecting the pressure–volume term for
its smallness at P = 1 atm) are:

ΔGC = RT · {−ln(1 − ξ) + [3ξ/(1 − ξ)] · x + [3ξ/(1 − ξ)] · x2 + [9ξ2/2(1 − ξ)2] · x2} (1)

ΔHC = [RT2 · ξ · αP/(1 − ξ)3] · [(1 − ξ)2 + 3(1 − ξ) · x + 3(1 + 2ξ) · x2] (2)

where R is the gas constant, αP is the isobaric thermal expansion coefficient of the liq-
uid, ξ is the volume packing density of the liquid, which is defined as the ratio of
the physical volume of a mole of liquid molecules over the liquid molar volume, v1
(i.e., ξ = π · σ1

3 · NAv/6 · v1); x = σC/σ1, and σ1 is the hard sphere diameter of liquid
molecules; σC is the cavity diameter, defined as the diameter of the spherical region from
which any part of liquid molecules is excluded. The ΔGC(SPT) magnitude depends upon
the volume packing density of the liquid, ξ, that is, the fraction of the total liquid volume
really occupied by liquid molecules, and the effective hard sphere diameter, σ1, of liquid
molecules [25,31]. On increasing ξ, the void volume decreases and ΔGC increases; on
decreasing σ1, the void volume is partitioned into smaller pieces and ΔGC increases (i.e., a
significant fraction of the liquid volume is void, but most of these voids are too small to
host an atom or a molecule). This implies that the effective diameter of liquid molecules is
a fundamental length-scale for the liquid itself. The validity of these arguments has been
verified and confirmed in several cases over the years [31].

2. Solvation of Noble Gases

A further test is provided here, by analyzing the solvation (i.e., the transfer from a
fixed position in the gas phase to a fixed position in the liquid phase) of noble gases in
water, carbon tetrachloride, CCl4, and benzene, C6H6. Experimental thermodynamic data
at 25 ◦C and 1 atm [32–34], reported in Table 1, emphasize that: (1) noble gases are poorly
soluble in water, with them being characterized by large positive ΔG· values, caused by
large negative entropy changes; (2) Ar is characterized by positive ΔG· values also in CCl4
and C6H6, while Xe is characterized by a negative ΔG· value in benzene. The ΔGC(SPT)
values calculated for noble gases in the three liquids, whose molecules are assumed to be
spherical, at 25 ◦C and 1 atm, are listed in the eighth column of Table 1. They prove to be
largely positive in all cases. Actually, they are significantly larger in water with respect to
the other two liquids (see the trends reported in Figure 1).

Figure 1. Trend of ΔGC versus the cavity diameter for water, CCl4, and C6H6 calculated by means of
classic SPT, at 25 ◦C and 1 atm. The data necessary to perform the calculations are reported in the
notes of Table 1.
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Table 1. Experimental thermodynamic data for the solvation [32–34], according to the Ben–Naim
standard (i.e., the transfer from a fixed position in the gas phase to a fixed position in the liquid phase),
at 25 ◦C and 1 atm, of noble gases in water (a), CCl4 (b), and C6H6 (c); the values of the hard sphere
diameter and the Lennard–Jones energy parameter come from [35,36] with small modifications; the
values of ΔGC are calculated by means of classic SPT analytical formulas [27,28]; those of Ea are
calculated by means of Pierotti’s analytical formula [29].

σ

Å
ε/k
K

ΔH·
kJ mol−1

ΔS·
J

K−1mol−1

ΔG·
kJ mol−1

ΔGC

kJ mol−1
Ea

kJ mol−1
ΔGC + Ea

kJ mol−1

a He 2.6 6 1.8 −32.5 11.5 13.2 −1.6 11.6
Ne 2.8 28 −1.3 −41.9 11.2 14.7 −3.9 10.8
Ar 3.4 125 −9.6 −60.4 8.4 20.0 −11.3 8.7
Kr 3.7 175 −13.0 −66.7 6.9 22.9 −15.4 7.5
Xe 4.0 230 −16.8 −74.8 5.5 26.0 −20.2 5.8

b Ar 3.4 110 2.1 −2.0 2.7 14.1 −11.7 2.4

c Ar 3.4 110 2.8 −2.3 3.5 15.3 −12.3 3.0
Kr 3.7 165 −0.2 −3.0 0.7 17.3 −16.6 0.7
Xe 3.4 240 −5.5 −8.7 −2.9 19.4 −22.1 −2.7

Additional data used to perform the calculations [37]. Water: σ1 = 2.8 Å; v1 = 18.07 cm3·mol−1; ξ = 0.383;
αP = 0.257·10−3·K−1; ε/k = 120 K. Carbon tetrachloride: σ1 = 5.37 Å; v1 = 97.09 cm3·mol−1; ξ = 0.503;
αP = 1.226·10−3·K−1; ε/k = 530 K. Benzene: σ1 = 5.26 Å; v1 = 89.41 cm3·mol−1; ξ = 0.513; αP = 1.22·10−3·K−1;
ε/k = 530 K.

This holds because, even though the volume packing density of water is the smallest,
ξ = 0.383 for water versus 0.503 for CCl4, and 0.513 for C6H6, the water molecules are the
smallest, σ = 2.80 Å for water, 5.37 Å for CCl4, and 5.26 Å for C6H6 [35–37]. In this respect,
it is important to underscore that the effective hard sphere diameter assigned to water
molecules is physically reliable because it corresponds to the location of the first peak in
the oxygen–oxygen radial distribution function of water [38], the distance between two
H-bonded water molecules. The size effect prevails because it is the molecular cause of the
markedly larger number density of water: at 25 ◦C and 1 atm, ρ (in moles per liter) = 55.3
for water, 10.3 for CCl4, and 11.2 for benzene [37]. The magnitude of the solvent-excluded
volume effect associated with cavity creation depends strongly upon the liquid number
density: the entropy loss is larger with the greater the number of affected molecules. This is
why the size is so important. The reliability of using classic SPT for water has been further
confirmed recently by the agreement between the ΔGC(SPT) values and those obtained by
computer simulations in detailed water models [39].

Moreover, a simple formula devised by Pierotti [29] allows for the calculation of
the interaction energy Ea between the noble gases and the three liquids. The Pierotti’s
formula is:

Ea = −(64/3) · ξ · ε12 · (σ12/σ1)3 (3)

where σ12 = (σ1 + σ2)/2 and ε12 = (ε1ε2)1/2, and where ε1 and ε2 are the Lennard–Jones
parameters for the liquid and solute, respectively. The Ea estimates, listed in the ninth
column of Table 1, are negative and, when added to the ΔGC(SPT) values, produce numbers
that are close to the experimental ΔG· ones for all of the three liquids. The success is mainly
because the solvent-excluded volume effect associated with solute insertion in a liquid is
correctly accounted for by calculating the reversible work of cavity creation.

Estimates of the enthalpy change associated with cavity creation, ΔHC(SPT), calculated
by means of Equation (2) and listed in the third column of Table 2, are positive in all of
the three liquids and are close to the values of the ΔH· − Ea difference, listed in the fourth
column of Table 2. This suggests that the structural reorganization of liquid molecules
upon noble gas insertion is an endothermic process at 25 ◦C and 1 atm (i.e., in the case of
water, there is no indication of iceberg formation [40–43]). Actually, the ΔHC(SPT) values of
water are significantly smaller than those of the other two liquids [37]; this is a consequence

217



Liquids 2023, 3

of the smaller isobaric thermal expansion coefficient αP of water with respect to those of
the other two liquids [37] (look at the values reported in the notes of Table 1). The latter
quantity, present in the classic SPT formula of ΔHC [29], is a measure of the ensemble
correlation between fluctuations in volume and fluctuations in enthalpy, and so it can
account for the liquid structural reorganization upon cavity creation. The smallness of the
αP of water is due to the strength of water–water H-bonds, in comparison to the weakness
of van-der-Waals-type interactions occurring among benzene and carbon tetrachloride
molecules [37]. Therefore, the ΔHC(SPT) values indicate that cavity creation does not cause
the breakage of water–water H-bonds [30,31], but a significant breakage of van der Waals
interactions occurs in the other two liquids [37].

Table 2. Enthalpy and entropy changes associated with cavity creation in water (a), CCl4 (b), and
C6H6 (c), calculated by means of the classic SPT relationships at 25 ◦C and 1 atm, to be compared
with the reorganization enthalpy change and the total solvation entropy change, respectively.

ΔHC

kJ·mol−1
ΔH· − Ea

kJ·mol−1
ΔSC

J·K−1·mol−1
ΔS·

J·K−1·mol−1

a He 2.1 3.4 −37.2 −32.5
Ne 2.3 2.6 −41.6 −41.9
Ar 3.2 2.1 −56.0 −60.4
Kr 3.7 2.4 −64.1 −66.7
Xe 4.3 3.4 −72.8 −74.8

b Ar 13.4 13.8 −2.3 −2.0

c Ar 14.9 15.1 −1.3 −2.3
Kr 17.1 16.4 −0.7 −3.0
Xe 19.5 16.6 0.3 −8.7

Estimates of the entropy change associated with cavity creation, ΔSC(SPT), listed in
the fifth column of Table 2, are close to the total solvation entropy changes, listed in the
last column of Table 2, in all of the three considered liquids. This finding indicates that
the process of cavity creation is the main process responsible of the negative solvation
entropy change [31,37]. In water, the ΔSC(SPT) values are largely negative, increasing in
magnitude with the solute diameter [37]. This entropy loss cannot be due to an increase
in water structural order [44,45], because it comes from a hard sphere approach. It is due
to the decrease in the number of accessible configurations for water molecules because of
cavity creation (i.e., the solvent-excluded volume effect). Such a decrease in the number of
accessible configurations also occurs in the other two liquids, but it is masked by a largely
positive entropy change due to the structural reorganization upon cavity creation [25,37].
The latter structural reorganization, however, has a markedly different magnitude in
water and the two organic liquids; it is also characterized by a complete enthalpy-entropy
compensation in all liquids [31,46] and does not affect the ΔGC magnitude.

3. Formation of Host–Guest Complexes

It is interesting that noble gases are able to bind macrocyclic hosts in aqueous solutions.
In particular, thanks to specialized NMR experiments, it has been possible to measure
the binding constants of noble gases to cucurbit[5]uril, a rigid, synthetic, and water-soluble
macrocyclic host [47]. Specifically, at 22 ◦C, Kb(in M−1) = 87 for He, 72 for Ne, 360 for Ar, 2390
for Kr and 8700 for Xe. These numbers imply that the binding process is spontaneous, and
thus, there is the need to identify the driving force of this host–guest recognition [47–49]. It is
important to underscore that the inner part of cucurbit[5]uril proved not to be filled by water
molecules, on the basis of both specialized NMR measurements and MD simulations [47]
(note that the inner part of cucurbit[5]uril has a volume of 68 Å3 and can host very few
water molecules, considering that the van der Waals volume of a water molecule is 11.5 Å3).
Researchers calculated with great accuracy, at DFT level, the dispersion energetic attractions
of noble gases in bulk water and in the inner part of cucurbit[5]uril. The unexpected result
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was that the magnitude of attractive dispersion interactions was larger in bulk water than in
the inner part of the rigid macrocyclic host [47]. As a consequence, researchers turned their
attention to the reversible work of cavity creation. The transfer of a noble gas atom from
water to the inner part of cucurbit[5]uril implies the following steps: the switching-off of the
energetic dispersion attractions with water, the closure of the cavity in water, the creation of
the cavity in the macrocyclic host interior, and the switching-on of the energetic dispersion
attractions with the host.

However, the reversible work to create a cavity in the inner part of cucurbit[5]uril is
zero because this region does not contain water molecules (i.e., it is empty); in addition,
as a first approximation, the magnitude of the energetic dispersion attractions of a noble
gas atom in bulk water and in the host interior can be assumed to be equal. This implies
ΔG(binding) ≈ −ΔGC(H2O), and the driving force is given by the decrease in solvent-
excluded volume for cavity closure in water (i.e., leading to a gain in configurational–
translational entropy of water molecules).

The experimental ΔG(binding) values of noble gases to cucurbit[5]uril are reported in
Figure 2, together with the values of minus ΔGC(H2O), calculated via classic SPT formulas
and listed in Table 1. One could say that the agreement between the two sets of numbers is
better than expected, considering their totally different origin. In the original article, the
authors calculated ΔGC(H2O) by means of computer simulations, they also considered the
contribution of the difference in energetic dispersion attractions between the bulk water
and the host interior, and obtained a good agreement with the experimental data [47]. This
example demonstrates the pivotal role played by the reversible work of cavity creation in
driving host–guest recognition phenomena in water [50–52].

Figure 2. Experimental ΔG(binding) values of noble gases to cucurbit[5]uril, measured via NMR
at 22 ◦C (black filled squares) [47], contrasted with minus the ΔGC values for noble gases in water,
calculated via classic SPT analytical formulas, and listed in column eight of Table 1 (red filled circles).

4. Conformational Stability of Globular Proteins

The geometric explanation for the solvent-excluded volume effect implies that the
ΔGC magnitude has to increase if the cavity shape is changed, by keeping its van der Waals
volume fixed, VvdW, and increasing its WASA. This is a fundamental point. Passing from
a spherical cavity to several prolate spherocylinders with the same VvdW of the sphere,
it is possible to test the rightness of the geometric arguments. Classic SPT analytical
formulas allow for the calculation of ΔGC for both spherical and prolate spherocylindrical
cavities. Therefore, the test can readily be completed and the results have confirmed that
ΔGC increases with cavity WASA, even though VvdW is fixed [24,53]. This holds true also
with ΔGC calculated by means of computer simulations [54,55]. The results of classic SPT
calculations in water, at 25 ◦C and 1 atm, for two sets of cavities, the first starting with a
sphere of 6 Å radius and the second starting with a sphere of 9 Å radius, are listed in Table 3.
It is evident that on lengthening the prolate spherocylinder, WASA increases and ΔGC
also increases. The plot of ΔGC versus WASA, constructed with the numbers of Table 3, is
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shown in Figure 3. The ΔGC values scale linearly with cavity WASA, but the line slope is
not unique; the slope magnitude depends upon the VvdW of the cavity. In fact, the largest
spherocylinder of the first set has a WASA larger than that of the smallest spherocylinder of
the second set, but the order is reversed in the case of ΔGC values (see Table 3 and Figure 3).
This means also that the cavity VvdW plays a role [53,56–58].

Table 3. ΔGC estimates associated with the creation of prolate spherocylindrical cavities, at 25 ◦C
and 1 atm, in a hard sphere fluid, with the experimental density of water and particle diameter
σ = 2.8 Å. By keeping the cavity VvdW fixed at the volume of 6 Å and 9 Å radius spheres, respectively
(i.e., 904.8 Å3 and 3053.6 Å3, respectively), the ΔGC numbers have been calculated on varying the
cylindrical length by means of the classic SPT analytic formulas. The first row of the A and B sections
contains the numbers for the two spherical cavities.

a
Å

l
Å

WASAC

Å2
ΔGC

kJ mol−1

A 6.0 - - 688.1 184.7
5.0 4.85 709.7 190.5
4.0 12.67 796.3 212.8
3.0 28.00 1017.4 266.1
2.8 33.00 1092.5 283.4
2.5 42.75 1238.7 316.1
2.3 51.37 1366.3 343.9
2.0 69.31 1625.9 398.3

B 9.0 - - 1359.2 399.3
7.0 10.50 1440.9 422.9
6.0 19.00 1571.5 459.6
5.0 32.21 1810.0 524.2
4.0 55.41 2246.5 636.9
3.5 74.69 2601.2 724.5
3.0 104.01 3118.7 847.3
2.5 152.15 3919.5 1028.3

The geometric formulas for a prolate spherocylinder of radius a and cylindrical length l are:
VvdW = (4/3)π·a3 + π·l·a2 and WASA = 4π(a + rw)2 + 2π·l·(a + rw), where rw is the radius of water molecules, fixed
at 1.4 Å; by setting l = 0, such formulas become right for a sphere of radius a.

Figure 3. Plot of ΔGC versus WASA for the two sets of cavities listed in Table 3 (in each set, all of the
cavities have the same van der Waals volume). The two lines simply connect the points; they are not
the result of a linear regression.
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Anyway, the trend of ΔGC versus cavity WASA is important to shed light on the
driving force of protein folding and on the main factor responsible for the conformational
stability of globular proteins. Experimental measurements have proved that the difference
in molecular volume between the folded state and the unfolded state ensemble is negligibly
small [59,60]. Thus, the folding process can be viewed as a collapse from a set of elongated
conformations toward a compact, almost spherical one, keeping the volume occupied by
the polypeptide chain fixed [24,25]. Such a collapse is characterized by a large WASA
decrease; that means a large ΔGC decrease, which corresponds to a significant gain in the
configurational–translational entropy of water molecules. The numbers listed in the last
column of Table 3 indicate that a large negative Gibbs free energy change is associated, at
25 ◦C and 1 atm, with the collapse from the longest spherocylinder to the sphere. Polypep-
tide chains are flexible and can populate different conformations, producing markedly
different solvent-excluded volume effects. Water molecules push these chains to assume
compact conformations in order to gain configuration–translational entropy. This is the
geometric-molecular basis of what is called the hydrophobic effect, considered to be the
main determinant of the conformational stability of globular proteins [24,25].

5. Conclusions

In the present article, I have tried to show that the solvent-excluded volume effect
associated with cavity creation in all liquids (that are a condensed state of the matter)
allows one to devise a common and general theoretical approach to rationalize several
disparate phenomena occurring in liquids. In particular, the ΔGC(SPT) values are able to
rationalize the low solubility of noble gases in water and its entropic origin, the driving
force of the recognition between noble gases and cucurbit[5]uril in water, and, last but not
least, a reliable driving force for protein folding and stability.
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Abstract: There is a remarkable wealth of thermodynamic information in freely accessible databases,
the LSER database being a classical example. The LSER, or Abraham solvation parameter model, is a
very successful predictive tool in a variety of applications in the (bio)chemical and environmental
sector. The model and the associated database are very rich in thermodynamic information and
information on intermolecular interactions, which, if extracted properly, would be particularly useful
in various thermodynamic developments for further applications. Partial Solvation Parameters (PSP),
based on equation-of-state thermodynamics, are designed as a versatile tool that would facilitate
this extraction of information. The present work explores the possibilities of such an LSER–PSP
interconnection and the challenging issues this effort is faced with. The thermodynamic basis of the
very linearity of the LSER model is examined, especially, with respect to the contribution of strong
specific interactions in the solute/solvent system. This is done by combining the equation-of-state
solvation thermodynamics with the statistical thermodynamics of hydrogen bonding. It is verified
that there is, indeed, a thermodynamic basis of the LFER linearity. Besides the provenance of the
sought linearity, an insight is gained on the thermodynamic character and content of coefficients and
terms of the LSER linearity equations. The perspectives from this insight for the further development
of LSER and related databases are discussed. The thermodynamic LSER–PSP interconnection is
examined as a model for the exchange in information between QSPR-type databases and equation-of-
state developments and the associated challenges are examined with representative calculations.

Keywords: Abraham LSER model; hydrogen bonding; molecular descriptors; Partial Solvation
Parameters

1. Introduction

Solute–solvent interactions are, essentially, omnipresent on Earth and, as W. Ostwald
mentioned in 1860, “Almost all the chemical processes, which occur in nature, whether
in animal or vegetable organisms or in non-living surface of the Earth ... take place
between substances in solution”. The interest, then, in solvation phenomena, solute trans-
fer/partitioning, solvent screening, activity coefficients of solutes at infinite dilution, or in
the design and development of solvent polarity scales and Quantitative Structure–Property
Relationships (QSPR) and related databases is understandable. In this regard, and for
decades now, the scientific community has enjoyed the remarkable success of the Abraham
solvation parameter model or the linear free energy relationships (LFER) as a predictive
tool for a broad variety of chemical, biomedical and environmental processes [1–18]. Nu-
merous other Polarity or Acidity/Basicity scales and QSPR-type approaches are widely
used in a variety of applications [19–24]. A very rich body of information on intermolecular
interactions is, thus, available in the open literature.
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To a great extent, all of the various databases and scales mentioned above were devel-
oped independently, and it is not always easy to compare their corresponding quantities.
There is nothing absolute or universally accepted as regards the division of intermolecular
interactions into various classes on the basis of their strength, and therefore, some degree
of arbitrariness is unavoidable in and inherent to these developments. This is particularly
important to keep in mind when the compared quantities are thermodynamic ones. This
difficulty significantly impedes the safe exchange of the above-mentioned rich body of
information between these databases and the extraction of this information for use in other
developments and approaches in molecular thermodynamics [25].

In a series of papers [26–34], an effort was made to design and develop a thermo-
dynamic framework that could facilitate the above exchange of information. This led to
the concept of Partial Solvation Parameters (PSP). The development of PSPs has passed
through various stages. Initially, they were heavily based on the COSMO-RS model [35–39],
but since the LSER database became freely accessible [16], they have mostly been based
on it and on the LSER molecular descriptors. The key feature of PSPs is their equation-of-
state thermodynamic basis, which permits their estimation over a broad range of external
conditions. There are two hydrogen-bonding PSPs, σa and σb, reflecting the acidity and
basicity characteristics, respectively, of the molecule. The weak dispersive interactions are
reflected by the dispersion PSP, σd, while the remaining Keesom-type and Debye-type polar
interactions are, collectively, reflected by the polar PSP, σp. The hydrogen-bonding PSPs are
used to estimate a key quantity: the free energy change upon formation of the hydrogen
bond, ΔGhb. Their equation-of-state characteristic permits also the estimation of the change
in enthalpy, ΔHhb, and the entropy change, ΔShb upon formation of the hydrogen bond.

Progress in the development of PSPs is rather slow, primarily because the correspond-
ing information from the existing polarity scales and databases in the open literature cannot
easily be used. It is not always simple and easy to reconcile information from quantum
chemical (dft) calculations, molecular dynamics simulations, LSER molecular descrip-
tors [1–18], or Gutmann donicities [20] with equation-of-state properties and solubility
parameters [24].

In the LSER model [1–18], free-energy-related properties of a solute are correlated
with its six molecular descriptors, Vx, L, E, S, A, and B, corresponding to the McGowan’s
characteristic volume Vx, the gas–liquid partition coefficient L in n-hexadecane at 298 K,
the excess molar refraction E, the dipolarity/polarizability S, the hydrogen bond acidity A,
and hydrogen bond basicity B, respectively. These correlations are performed, in practical
applications, through two basic LFER relationships that quantify solute transfer between
two phases. The first relationship, Equation (1), quantifies solute transfer between two
condensed phases [2–12]:

log (P) = cp + epE + spS + apA + bpB + vpVx (1)

and the second LFER, Equation 2, describes solute transfer from the gas phase [2–12]:

log (KS) = ck + ekE + skS + akA + bkB + lkL (2)

P, in Equation (1), is the water-to-organic solvent partition coefficient or alkane-to-
polar organic solvent partition coefficient, and KS is the gas-to-organic solvent partition
coefficient.

The remarkable feature in Equations (1) and (2) is that the coefficients (lower-case
letters) are solvent (phase or system) descriptors and are not influenced by the solute. They
are referred to as LFER coefficients and are, usually, determined by fitting experimental
data. They are considered to correspond to the complementary effect of the phase (solvent)
on solute–solvent interactions and contain chemical information on the solvent/phase in
question, and hence can be given specific physicochemical meanings [2–14]. However, their
determination remains a fitting process via multiple linear regression at this point [2–18].
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As a consequence, they are known only for solvents, for which extensive experimental data
are available with a variety of solutes.

Solvation enthalpies are handled by LSER in a similar manner, through a linear
relationship of the form [40]

ΔHS = cH + eHE + sHS + aHA + bHB + lHL (3)

or with a similar equation using McGowan volume instead of the L descriptor. Only the
solvent is assigned different LFER coefficients for solvation free energy (Equation (2)) and
solvation enthalpy (Equation (3)), while the solute is represented by the same set of LSER
molecular descriptors.

A major challenge is now to extract valid thermodynamic information on intermolec-
ular interactions of solute/solvent systems for which both LSER descriptors and LFER
coefficients are available. Equation (2), as an example, may be used to estimate the hydro-
gen bonding contribution to the free energy of solvation of solute (1) by solvent (2) from
the products A1a2 and B1b2. The key question is how this “solvation” information could be
used for a valid estimation of the free energy change upon formation of these acid (1)–base
(2) and base (1)–acid (2) hydrogen bonds. Similar questions apply to the estimation of
hydrogen bonding change in enthalpy on the basis of Equation (3), which is consistent with
the information obtained from Equation (2).

Before addressing the above challenges, we must answer the question as to why
free energies and free-energy-based properties obey the linear Equations (1) and (2)? The
existence of such a linearity even for the strong specific hydrogen bonding or acid–base
interactions is particularly puzzling [15]. The answers to the above questions are of central
importance for reaching our major task: the safe extraction and transfer of information via
PSPs for use in various applications of molecular thermodynamics.

Similar challenges are encountered in the transfer of thermodynamic information
from other analogous QSPR databases and polarity scales [19–24,41–43]. For the LFER
approach, it is worth mentioning that, in the older but still widely used Kamlet–Taft
LFER version [41–43], the symbols α and β are used for the acidity and basicity molecular
descriptors, respectively, of the solvent molecule, and thus there is some correlation between
the two LFER sets of scales of hydrogen bonding parameters [44]. In this spirit, van
Noort [13,14] developed correlations between descriptors A, B and the corresponding
coefficients a, b by hypothesizing that the solvent (system) describing coefficients a and b
was dependent on both Abraham solute solvation parameters, A and B, and should obey
the following equations for the solvent/air partitioning:

a = n1Bsolvent(1 − n3Asolvent) (4)

b = n2Asolvent(1 − n4Bsolvent) (5)

The unknown coefficients, ni, of these equations are determined by fitting to the
available experimental data for several solutes. All of these interesting correlations are
useful in practice, but do not explain, at the fundamental or thermodynamic level, the
observed linearity of Equations (1)–(3) and do not facilitate the above-mentioned extraction
of thermodynamically meaningful information.

From the above exposition, it is clear that the LSER database and the related work in
the literature constitute a truly rich source of information that is deserving of our attention
regarding its appropriate extraction and use. This is the central theme in this series of
papers. In the present work, we will discuss some key aspects related to the connection of
LSER and PSP approaches and will examine the basic (LFER) Equations (1) and (2) from
a thermodynamic viewpoint. The solvation thermodynamics will be the basis, and the
emphasis will be on the contributions of hydrogen bonding. Examples of calculations
will be given in order to show what and how it may be calculated from the current LSER
database, as well as what cannot be obtained from it, or which should only be obtained
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with caution. These examples and the exercise with the LSER database may act as a model
for analogous explorations of other databases in the literature.

2. The Thermodynamic Framework

In order to address the challenges and answer the questions mentioned in the previous
section, we will need a thermodynamic framework with the quantities to be compared.
For this purpose, in this section, we will recall some basic elements from solvation ther-
modynamics and from the equation-of-state approach explicitly handling the hydrogen
bonding contribution.

2.1. Solvation Thermodynamics

In this sub-section, we will briefly recall the basics of solvation thermodynamics
and the working equations, which will facilitate our discussion. Details may be found
elsewhere [45–49].

The solvation free energy of a solute, i, in a mixture of composition {N} = {N1, N2,
. . . , Nt}, at temperature, T, and pressure, P, is given by the following defining equation in
Ben-Naim’s mole/mole convention [48]:

ΔGS
i (T, P, {N}) = μi(T, P, {N})− μIG

i (T, P, {N}) + RT ln Z (6)

where μi is the chemical potential of component i, superscript IG denotes the ideal gas state,
and Z is the compressibility factor,

Z =
PV

NRT
(7)

Equation (6) is a general one and holds true for mixtures, as well as for pure fluids
(self-solvation). In the limit at infinite dilution of solute 1 in solvent 2 (subscript 1/2),
Equation (6) leads to the following highly useful working equation [11,47]:

ΔGS
1/2

RT
= ln

ϕ0
1P0

1 Vm2γ∞
1/2

RT
(8)

Vm2 in Equation (8) is the molar volume of component 2 and γ∞
1/2 is the activity

coefficient of solute 1 at infinite dilution in solvent 2. P0
1 is the vapor pressure of the solute

at temperature T, and ϕ0
1 its fugacity coefficient (typically set equal to 1 under ambient

conditions). In order to proceed, we need an expression for γ∞
1/2 with explicit contributions

from weak and strong intermolecular interactions, including hydrogen bonding ones, and
this necessitates the adoption of an appropriate thermodynamic model. For this purpose,
we will adopt here a statistical thermodynamic model, the basic elements of which are
presented in the next sub-section.

2.2. The Equation-of-State Model

A simple equation-of-state model, meeting the above requirements, is the widely
tested LFHB (Lattice Fluid with Hydrogen Bonding) model [50–53]. In this sub-section, we
will confine ourselves to the essentials and the working equations of the model. Details
may be found elsewhere [50–58].

In the frame of LFHB model, each fluid of molar mass, M, is characterized by two
scaling constants, vsp* and ε*, and one hydrogen bonding parameter, ΔGhb

ij , for each type
of hydrogen bond, i-j, in which it may participate. The specific hard core volume, vsp*,
of the fluid provides with two key molecular parameters, the molar hard core volume,
V* = M vsp*, and the number, r, of molecular segments of a constant hard core volume equal
to 9.75 cm3/mol, or r = V*/9.75. Each segment interacts with its neighbors via segmental
interaction energy, ε*. Thus, the molar interaction energy is given by E* = rε*, while the
scaling temperature, T*, and pressure, P*, are defined by the central lattice–fluid equation:
ε* = RT* = 9.75P*.
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The reduced quantities of temperature, pressure, and volume (or density, ρ) are defined
as follows:

T̃ =
T
T∗ , P̃ =

P
P∗ , ṽ =

vsp

v∗sp
=

1
ρv∗sp

=
ρ∗

ρ
=

1
ρ̃

(9)

When LFHB is used over a broad range of external conditions, a temperature depen-
dence is often assumed for ε* and less often for vsp*, as follows:

ε∗ = ε∗h + (T − 298.15)ε∗s and v∗sp = v∗sp0 + (T − 298.15)v∗sp1 (10)

The fluid volume is calculated via the lattice–fluid equation of state, which, for non-
hydrogen-bonded systems, is:

P̃ + ρ̃2 + T̃
[

ln(1 − ρ̃) + ρ̃

(
1 − 1

r

)]
= 0 (11)

The scaling constants for pure fluids ae, typically, obtained from correlation of experi-
mental information on orthobaric densities, or on vapor pressures, heats of vaporization,
supercritical-fluid densities, second virial coefficients, thermal expansivity or compressibil-
ity [50–54].

In systems interacting with strong specific intermolecular forces, such as acid/base or
hydrogen-bonding interactions [31–34,45–47], one must account for the number of donor
and acceptor sites, di and ai, respectively, for each component i, as well as for the number
of hydrogen bonds, Nij, between donors i and acceptors j in the system, or for the reduced
ones, νij = Nij/rN. Each type of interaction i-j may be viewed as a quasi-chemical reaction of
an acidic site (Acidi) and a basic site (Basej), of the form Acidi + Basej � ABcomplexij ,
and is characterized by the corresponding free energy change upon formation of bond i-j,
ΔGhb

ij = −RT ln Kij, and the equilibrium constant, Kij. This free energy change may be split,

in the classical manner, into enthalpic and entropic components, ΔGhb
ij = ΔHhb

ij − TΔShb
ij .

In a binary mixture of mole fraction, x1 = N1/(N1 + N2) = N1/N = 1 − x2, and total
number of segments, rN = r1N1 + r2N2, in which the molecules of component i (i = 1, 2)
have di donor sites and ai acceptor sites of type 1, the reduced number of free donor sites
(non-hydrogen bonded) is given by:

ν10 =
x1d1

r
− ν11 − ν12 (12)

and the reduced number of free acceptor sites is given by:

ν01 =
x1a1

r
− ν11 − ν21 (13)

For the purposes of the present work, we will apply the LFHB model in the limit at
infinite dilution.

2.3. The Equation-of-State Model at Infinite Dilution

In hydrogen-bonded systems and in the limit at infinite dilution of solute 1 in solvent 2,
LFHB leads to the following equation for the solvation free energy in the molar/molar
convention [48]:

ΔGS
1/2

RT
= ln

ω IG
1

ω1
− r1 ln(1 − ρ̃2)− 2r1ρ̃2

ε∗12
RT

− d1 ln F12 − a1 ln F21 (14)

where

F12 = lim
x1→0

ν10,0
ν10

= lim
x1→0

x1d1−rν11,0−rν12,0
x1d1−rν11−rν12

,

and

F21 = lim
x1→0

ν01,0
ν01

= lim
x1→0

x1d1−rν11,0−rν12,0
x1d1−rν11−rν12

(15)
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The reduced numbers with subscript ij,0 in Equation (15) correspond to the refer-
ence non-hydrogen-bonded system of the same composition [45,57–59]. The simple ge-
ometric mean mixing rule is used for the non-hydrogen-bonding interaction energy, or
ε∗12 =

√
ε∗11ε∗22.

Equation (14) may be written in the following more illustrative form:

ln KS = −ΔGS
1/2

RT
= ln

ω1

ω IG
1

+ r1 ln(1 − ρ̃2) + r1

√
ε∗11

(
2ρ̃2

√
ε∗22

RT

)
+ d1 ln F12 + a1 ln F21 (16)

The first term on the right-hand side of Equation (16) is the conformational contribution
term and accounts for any conformational changes and molecular restructuring on transfer-
ring the molecule from the isolated ideal gas (IG) state to the solution. It is an “internal”
non-configurational term and, as such, thermodynamics cannot tell us much about it. It
also accounts for conformer distribution, flexibility, symmetry, shape, or changes in the
internal degrees of freedom of the solute molecule, upon solvation. Quantum mechanics
calculations could be more helpful in quantifying this term [45]. Typically, this term is
simply neglected in solvation thermodynamics or absorbed in cavitation terms.

The reduced density of the solvent (molecule 2), ρ̃2 = V∗
2 /Vm2, corresponds to the

probability of finding a site occupied by the solvent molecule. Consequently, 1 − ρ̃2,
is the probability of finding an empty site in the solvent phase. If the solute molecule
consists of r1 segments, the logarithm describing the probability of finding r1 consecutive
empty sites for its accommodation is given by the second term in the right-hand side of
Equation (16). Thus, this second term is the cavitation term and reflects the difficulty of
creating a cavity in the solvent volume in order to accommodate the solute molecule. The
remaining terms are the charge terms of the solvation equation. ε∗ij is the interaction energy
for the contact of segments i and j. This refers to the non-specific or weak types of van
der Waals (dispersion, and those arising from molecular polarizability and Keesom-type
or Debye-type polarization) interaction. The contribution of strong specific (hydrogen
bonding) interactions is accounted for by the last two terms in Equation (16).

Equation (18) can be used once for the mixture and once for the self-solvation of the
solute, and the following equation can be derived for the activity coefficient at infinite
dilution of solute component 1 in solvent 2, γ∞

1/2 [27–34,45–47]:

ln γ∞
1/2 = ln ω

(1)
1

ω
(2)
1

− r1 ln (1−ρ̃2)
(1−ρ̃1)

− ln r2 ρ̃1
r1 ρ̃2

− 2r1ρ̃2
ε∗12
RT + 2ρ̃1

r1
T̃1

+{d1 ln F12 + a1 ln F21}x1=0 − {d1 ln F11 + a1 ln F11}x1=1

(17)

F11 in this equation is obtained from F12 (cf. Equation (15)) by replacing subscript 2
with 1.

Solvation studies are associated with solute transfer and partitioning between phases
or with partition coefficients, which in turn are intimately associated with activity coef-
ficients at infinite dilution. Thus, the partition coefficient of solute 1, between phases of
solvent 2 and 3 at infinite dilution, is given by

ln K1
32 = ln

x1/3

x1/2
= ln

γ∞
1/2

γ∞
1/3

=
ΔGS

1/2 − ΔGS
1/3

RT
− ln

Vm2

Vm3
(18)

This equation is widely used for solute partitioning in octanol–water systems (partition
coefficient, KOW).

Solvation enthalpy and solvation volumes may be obtained from Equation (16) for
solvation free energy, through the classical defining Equations (19) and (20), respectively:

ΔHS
1/2 = −T2

⎛⎝∂
(

ΔGS
1/2/T

)
∂T

⎞⎠
P

(19)

and
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ΔVS
1/2 =

⎛⎝∂
(

ΔGS
1/2

)
∂P

⎞⎠
T

(20)

All terms in the above equations can be calculated with the LFHB equation-of-state
model, except for the terms with the ωis. As observed in Equation (16), the cavitation
term (second term on the right-hand side of the equation) and the first charge term (third
term in the equation) are “linearity” terms, that is, they are products of solute parameters
with quantities (in parentheses) dependent exclusively on solvent properties. It is not clear,
however, whether the two hydrogen bonding terms (last two terms in Equation (16)) are
also “linearity” terms. This is examined in the next sub-section.

2.4. On the Linearity of Hydrogen Bonding Contribution to Solvation Free Energy

Now we will examine the full analytical form of the last two hydrogen bonding terms
in Equation (16) at the limit of infinite dilution as described by Equation (15). The general
form of the limiting Equation (15) was described recently [56], and is recalled briefly in
the Supplementary Materials (SM). It should be noted also that in the LFER approach, the
molecules are considered to be mono-segmental and the liquids incompressible. For the
purposes of our comparison, we will also adopt these assumptions in order to make the
arguments and the presentation more lucid. The full equations are provided in the SM.

At the infinite dilution limit, Equation (15) takes the following analytical form [56], SM:

lim
x1→0

ν10,0
ν10

=
d1−c12,0
d1−c12

and
lim

x1→0

ν01,0
ν01

=
a1−c21,0
a1−c21

(21)

where

c12 = d1

(
1/K22−

√
(2+1/K22)

2−4

1/K22−
√

(2+1/K22)
2−4−2/K12

)
c21 = a1

(
1/K22−

√
(2+1/K22)

2−4

1/K22−
√

(2+1/K22)
2−4−2/K21

)
c12,0 = c21,0 =

√
5−1√
5+1

(di = ai = ri = ρ̃i = 1) (22)

In addition, for pure solvent (component 2) and, practically speaking, for our infinitely
diluted solution:

ν0
22 =

2 + 1
K22

−
√(

2 + 1
K22

)2 − 4

2
(23)

Substituting in Equation (21), the contribution of hydrogen bonding to the solvation
free energy is obtained as follows:

d1 ln F12 = ln
ν10,0

ν10
= ln

⎛⎝ 2
1 +

√
5
+ K12

√
(2 + 1/K22)

2 − 4 − 1/K22

1 +
√

5

⎞⎠ (24)

and

a1 ln F21 = ln
ν01,0

ν01
= ln

⎛⎝ 2
1 +

√
5
+ K21

√
(2 + 1/K22)

2 − 4 − 1/K22

1 +
√

5

⎞⎠ (25)

These equations may be written in the following alternative and useful form:

ln
(

ν10,0

ν10
− 0.618

)
= ln K12 + ln

√
(2 + 1/K22)

2 − 4 − 1/K22

1 +
√

5
= ln K12 + c′2 (26)
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and

ln
(

ν01,0

ν01
− 0.618

)
= ln K21 + ln

√
(2 + 1/K22)

2 − 4 − 1/K22

1 +
√

5
= ln K21 + c′2 (27)

The constant c2
′ in these equations is an exclusive property of the solvent (component

2). As can be observed, the hydrogen bonding contribution to solvation free energy depends
only on the equilibrium constants Kij for the quasi-chemical reactions of hydrogen bonding
between the proton donor (or acidic site), i, and the proton acceptor (or basic site), j.

In the case of self-solvation, the solute is identical to the solvent, and thus
K12 = K21 = K22 = K. In this case, Equations (24) and (25) become identical, and the acid–base
and base–acid contributions are equal, regardless of the validity or invalidity of linearity.
Whether this central result conforms with the LSER model will be determined below.

In self-solvation (one single equilibrium constant, K), the use of Equations (24) and (25)
for equal acid–base and base–acid contributions gives

ln
ν10,0
ν10

= ln
ν01,0
ν01

= ln 1+K22

√
(2+1/K22)

2−4
1+

√
5

� ln 1+2
√

K
1+

√
5

� ln 2
√

K
1+

√
5
= −0.48 + 0.5 ln K

(self − solvation) (28)

Or

ln
(

ν10,0
ν10

− 0.31
)
= ln

(
ν01,0
ν01

− 0.31
)
= ln K22

√
(2+1/K22)

2−4
1+

√
5

� ln 2
√

K
1+

√
5
= −0.48 + 0.5 ln K

(self − solvation) (29)

Or, alternatively:

log(F12 − 0.31) = log(F21 − 0.31) � log
2
√

K
1 +

√
5
= −0.21 + 0.5 log K (self − solvation) (30)

The approximation in the second row of Equation (28) holds true for values of K
that are not too low or for hydrogen-bonding interactions that are not too weak. It will
be retained, just for the sake of discussion. We will come back to Equation (29) or to the
alternative Equation (30).

The LFER approach does not provide any direct information on the equilibrium
constants Kij. It only gives the final form of the hydrogen bonding contribution in the form
of the linearity sum (cf. Equation (2)), A1a2 + B1b2. If there is a thermodynamic basis to this
linearity sum, Equations (24) and (25) should lead to it. The very form of the products in
this sum indicates that the equilibrium constants, or the corresponding free energy changes
upon hydrogen bond formation, should be expressed in terms of the acidity and basicity
the LSER molecular descriptors, Ai and Bj.

Thus, in order to proceed, we must express ΔGhb
ij in terms of the molecular descriptors

Ai and Bj. We do not know anything about this expression a priori. Common practice in
solving such problems in physics is to make plausible assumptions, starting from those with
the greatest simplicity, and focusing on the consistency of their implementation. Whatever
assumption is made, it should also apply to self-solvation of hydrogen-bonded compounds,
like alkanols, water, etc.

In LSER model, the acid (1)–base (2) interaction occurring upon self-solvation leads to
the acidity–basicity product A(1) × a(2) or to the product denoted by the term A1a2. Thus,
apart from a constant, the lnK term in Equation (28) should be of the form lnK = A1f (B2, . . . ),
with the function f being an exclusive function of the solvent—component 2. Similarly, the
acid (2)–base (1) interaction leads to the term B1b2 or to the product B(1) × b(2). Thus, again,
apart from a constant, the lnK term in Equation (28) should be of the form lnK = B1f (A2, . . . ),
with the function f being an exclusive function of the solvent—component 2. However,
upon self-solvation, A1 = A2 and B1 = B2. All of these requirements are met by the following
simple and plausible assumption:
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ΔGhb
ij

RT
= −kAiBj (31)

where k is a constant. Indeed, replacing in Equation (28), we obtain:

ln(F12) � −0.48 + A(kB) = −0.48 + B(kA) � ln(F21) (self − solvation) (32)

Equation (32) also provides important results. As can be observed, the hydrogen
bonding contribution does indeed possess a linear form, c + Aa or c + Bb, where a = kB
and b = kA. Although the essence of this result does not change, it should be recalled that
Equations (29) or (30) are much better approximations than Equation 28. Based on these,
Equation (32) takes the following form:

ln(F12 − 0.31) � −0.48 + A(kB) = −0.48 + B(kA) � ln(F21 − 0.31) (self − solvation) (33)

In the general solute–solvent case, substituting Equation (31) into Equations (26) and (27),
we obtain:

ln(F12 − 0.62) = A1(kB2) + c′2 = A1a′2 + c′2 (34)

and
ln(F21 − 0.62) = B1(kA2) + c′2 = B1b′2 + c′2 (35)

It can be observed that the LFER linearity form is preserved not only for self-solvation
but also for the general solute–solvent case. Thus, indeed, there is a thermodynamic basis
for LFER linearity, even for strong hydrogen bonding contributions. There is, however,
a noticeable difference: the hydrogen bonding functions Fij are reduced by a constant,
which depends on the number of donor and/or acceptor sites of the hydrogen bond (see
Supplementary Materials (SM)); it is therefore indicative of these aspects of hydrogen
bonding. For solute–solvent systems with one donor and one acceptor each, the constant is
equal to 0.62. For the self-solvation of such compounds, the constant becomes 0.31 = 0.62/2!,
indicating that acid–base interaction is indistinguishable from base–acid interaction upon
self-solvation.

The linearity in Equations (33)–(35) is preserved for the logarithm of the reduced
Fij quantity, which is split into an LFER product (A1a2 or B1b2) and a solvent-dependent
constant, c2. It should be pointed out, again, that the hydrogen bonding contribution
contains a constant solvent term. This is crucial to remember if we want to extract the
hydrogen bonding information from the corresponding LFER terms (disregarding the LFER
constant coefficient).

2.5. The Essentials of the Partial Solvation Parameter (PSP) Approach

As mentioned in the Introduction, PSPs [26–34] were designed as a simple QSPR-type
scheme to facilitate the exchange of information on intermolecular interactions between
diverse polarity scales and databases rich in thermodynamic content. The initial incentive
arose from a specific practical problem when modeling the equation-of-state behavior of
systems of molecules interacting with strong specific forces, in a variety of applications.
These studies would have been very much facilitated information being more readily
available, especially information on strong acid–base or hydrogen-bonding interactions.
It may appear surprising, but such thermodynamically valid information is not readily
available in the open literature. As a consequence, modeling continues to be performed
using the convenient engineering method with adjustable parameters of questionable
physical meaning. Therefore, for historical reasons, PSPs were developed with equation-of-
state applications in mind. For this purpose, it was convenient to define PSPs as cohesive-
energy density or solubility parameters.

In the present work, we will confine ourselves to the interconnection between PSP
and LSER approaches. The existence of such an interconnection implies that PSPs can be
expressed in terms of LSER molecular descriptors. Thus, the first dispersion PSP, σd, reflects
the weak intermolecular dispersive forces and is defined by the following equation:
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σd =

√
ρ̃

E∗
d

Vm
= 100

√
ρ̃

4Vx + E
Vm

=
100
Vm

√
V∗(4Vx + E) (36)

E∗
d in Equation (36) corresponds to the molar interaction energy resulting from dis-

persive forces. As can be observed, the McGowan volume, Vx, accounts for the majority
of the contribution, and is weighted four times more heavily than the excess refractivity
descriptor, E. The molar volume, Vm, and the hard core molar volume, V*, are related
through an LFHB-type equation (cf. Equation (9)), Vm = V*/ρ̃. V* is closely correlated
with the van der Waals volume of the molecule. If the LFHB scaling constant, v∗sp, is
available, then V* = Mv∗sp. Alternatively, it may be estimated from Vx through the equation:
V*new = 11.357 + 99.492Vx, which is a linear fit of LFHB scaling constants to Vx, with
R2 = 0.9991, as shown in Figure 1. At 25 ◦C, this PSP is very close to the dispersive Hansen
solubility parameter, δd [24]. For non-polar compounds, this PSP is identical to the total
Hildebrand solubility parameter, δ.
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Figure 1. The hard core molar volumes of the LFHB model as a function of the corresponding
McGowan volumes [16]. The straight line through the data obeys the equation V* = 11.357 + 99.49Vx

with R2 = 0.9991; standard errors: 0.4963 (intercept), 0.0023 (slope).

The second PSP, σp, reflects the weak and moderately strong polar interactions of the
Keesom and the Debye types. If the molecule does not have a non-zero acidity or basicity
LSER descriptor, this polar PSP is defined by the following equation:

σp =

√
ρ̃

E∗
p

Vm
= 100

√
ρ̃

S
Vm

=
100
Vm

√
V∗S (37)

Quite often, however, polar compounds also participate in hydrogen-bonding interac-
tions. Hydrogen-bonded compounds can be divided into two classes, the self-associated
and the heterosolvated (which cross-associate only). Upon self-solvation, heterosolvated
compounds do not contribute any hydrogen bonding terms to the self-solvation free energy.
They do contribute with such a term when solvated by another (heteron, in Greek) fluid
that possesses a complementary hydrogen bonding site. Obviously, these polar sites, when
hydrogen bonded, are not available for ordinary polar interactions, which are reflected by
the LSER polarity descriptor, S. They are available, when the compound is in its pure state,
or in mixtures with compounds not possessing complementary sites. In these cases, the
polarity PSP is augmented by a fraction of acidity/basicity descriptors of the compound
as follows:

σp = 100

√
ρ̃

S + θ(A + B)
Vm

(heterosolvated compounds) (38)
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The typical value for θ is 0.2. At 25 ◦C, this PSP is very close to the polar Hansen
solubility parameter, δp, [24]. For polar and heterosolvated compounds, this PSP and the
dispersion PSP are related to the total Hildebrand solubility parameter as follows:

σ2
dp = σ2

d + σ2
p = δ2 (polar/heterosolvated compounds) (39)

σdp is also referred to as non-hydrogen-bonding PSP.
With information on these PSPs, it is possible to run equation-of-state calculations. In

the case of the LFHB model, the required scaling constants are V* and E*. V* is obtained as
shown in Figure 1. E* has two contributing factors—dispersion and polarity—as shown in
Equations (36)–(38), or E* = Ed* + Ep*. In practice, these are estimations, at first. If several
data points are available with respect to density, they are used in combination with the
equation of state, Equation (11), in order to refine the estimations.

The third PSP is the hydrogen-bonding PSP, σhb, which is defined as follows:

σhb =

√
−NhbΔHhb

ii
Vm

(40)

Nhb = rνhb is the number of hydrogen bonds per mol. It is worth mentioning that σhb
contains information not only for the hydrogen bonding enthalpy, ΔHhb

ii , but also for the free
energy, ΔGhb

ii , and the entropy, ΔShb
ii , via the equilibrium constant, Kii (−RT ln Kii = ΔGhb

ii ).
The equation-of-state approach, analogously to the plain Equation (23), includes infor-
mation on the density of the compound, as well as on its molecular size, by means of
the number of segments, r. The number of hydrogen bonds is then obtained using the
following LFHB equation:

Nhb = rνhb =
d + a + r

ρ̃K −
√(

d + a + r
ρ̃K

)2 − 4da

2
(41)

This equation is made identical to Equation (23) by setting d = a = r = ρ̃ = 1. Equation
(40) calculates σhb over a broad range of external conditions. At 25 ◦C, this σhb PSP is often
close to the Hansen solubility parameter, δhb [24].

In self-associated compounds, the total Hildebrand solubility parameter is given by
the following equation:

σ2
d + σ2

p + σ2
hb = δ2 (self − associated compounds) (42)

Information on the total solubility parameter is rather easy to obtain. If the required
hydrogen bonding information for ΔGhb

ii and ΔHhb
ii for the calculation of σhb is available

from external resources, Equation (42) can be used to determine σp. When available, this
route is preferred over that of Equations (37) and (38), since quite often the descriptor S is
found to be given with relatively higher uncertainty [16].

In equation-of-state calculations, information for both ΔGhb
ij and ΔHhb

ij is needed. Since
our interest is primarily in mixtures, it would be very much helpful to be able to obtain the
acidity and basicity parameters of the pure compounds, which could be combined to give
the required ΔGhb

ij and ΔHhb
ij for the mixture. To this end, two sets of hydrogen-bonding

PSPs were defined. The first set of σHa and σHb is used to obtain the change in enthalpy
upon formation of the hydrogen bond, as follows:

ΔHhb
ij = −σHa,iσHb,j

√
Vm,iVm,j (43)

Vm,I is the molar volume of compound i with the acidic site and Vm,j is the molar
volume of compound j with the basic site.
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The second set of σGa and σGb, or simply, σa and σb, is used to obtain the free energy
change upon formation of the hydrogen bond, as follows:

ΔGhb
ij = −σa,iσb,j

√
Vm,iVm,j (44)

An interconnection of these hydrogen-bonding PSPs with the corresponding LSER
molecular descriptors runs as follows:

σa,i =

√
k

A2
i

Vm
RT = Ai

√
k

RT
Vm

(45)

and

σb,j =

√
k

B2
j

Vm
RT = Bj

√
k

RT
Vm

(46)

Combining the last three equations, we recover Equation (31):

ΔGhb
ij

RT
= −kAiBj (47)

If hydrogen-bonding PSPs are known from external resources, Equations (45) and (46)
can reverse their role and express the corresponding LSER descriptors in terms of the
PSPs, or:

Ai = σa,i/
√

kRT/Vm,i and Bj = σb,j/
√

kRT/Vm,j (48)

There are no hydrogen bonding enthalpy LSER descriptors that can be used in a
similar manner to that in Equations (45) and (46). There are, however, LFER enthalpy
coefficients, as shown in Equation (3). It is, then, tempting to use hydrogen bonding
enthalpy PSPs and define the corresponding LSER descriptors, AH,i and BH,j, via equa-
tions analogous to Equation (47). However, it should be made clear that the enthalpic
descriptors are not independent, but are quantities derived from the corresponding free
energy ones. The same holds true for PSPs. In essence, if ΔGhb

ij is known over a range

of temperatures, the corresponding derived quantity, ΔHhb
ij , could be obtained from an

equation entirely analogous to Equation (19). Equivalently, one may obtain the entropy
change from ΔGhb

ij , ΔShb
ij = −

(
∂ΔGhb

ij /∂T
)

, and the change in enthalpy from the classical

equation, ΔHhb
ij = ΔGhb

ij + TΔShb
ij . The reverse process may also be used if extensive data

on enthalpic hydrogen-bonding PSPs are available.
The above constitute a thermodynamic framework that is sufficient for carrying out

a coherent discussion on the exchange of information between diverse databases and, in
particular, between the LSER model and PSPs. This discussion will now continue, in the
next section, with some pertinent calculations.

3. Applications

A class of hydrogen-bonded compounds that has been extensively studied in the
literature is alkanols. Both LSER descriptors and LFER coefficients are available for this
class [16,60], and are summarized in the Supplementary Materials (SM). Thus, we may
compare the LSER predictions of solvation free energy with corresponding experimental
data [49], the results of which are shown in Figure 2.
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Figure 2. Comparison of the experimental [49] solvation free energies of 1-alkanols with the corre-
sponding LSER calculations as a function of carbon atoms in the molecule.

As shown in Figure 2, there is a good agreement between the LSER predictions of
solvation free energies and the experimental results. This is, then, directly exchangeable
thermodynamic information. Only the experimental data [49] obtained at 298.15 K are
shown in Figure 2. However, data on enthalpies and entropies of self-solvation of 1-alkanols
at various temperatures are also known [49], which can be converted to the free energies of
self-solvation at 298.15 K using the following equation: ΔGS = ΔHS − 298.15ΔSS. These
converted data are reported in Table S5 along with the original temperature, Tor, for which
the enthalpy and entropy data are known [49]. As shown in Table S5, the discrepancies in
the experimental data regarding the free energies of self-solvation of alkanols are almost
always less than 1%.

The constant LFER coefficients, c, are rather negligible for all 1-alkanols [16,60], and
each of the product terms is therefore considered to reflect the full corresponding contribu-
tion to the solvation free energy. Alkanols are self-associating compounds with a significant
hydrogen bonding contribution that deserve particular attention.

The five contributions to the equilibrium constant, −logKS, for the self-solvation free
energy of alkanols, as given by the five products of the linearity Equation (2), are reported
in Table 1. As shown, excluding cavitation contribution (lL), the main charge contribution to
solvation free energy is hydrogen bonding. As observed in columns 4 and 5, the acid–base
contribution, aA, is significantly different from the base–acid interaction, bB, for all alkanols.
The difference (log) is 0.93 ± 0.06 for 1-alkanols and 0.65 for 2-alkanols. At present, there is
no explanation for this difference. Thus, this hydrogen bonding information is not directly
transferable at present.

The overall hydrogen bonding contribution, ΔGS
hb, to the self-solvation free energy

(calculated as ΔGS
hb = −2.303 × RT × (aA + bB)) is shown in column 7 of Table 1. In column 8,

the estimated hydrogen bonding contribution to self-solvation enthalpy determined on
the basis of experimental spectroscopic measurements and a set of assumptions regarding
the separation of the hydrogen bonding contribution from the rest of the contributions to
self-solvation enthalpy [61]. The reported values (on the order of −17 kJ/mol) are in rather
considerable disagreement with the widely accepted values reported in the literature (on
the order of −25 kJ/mol) [62–64]. In column 9 of the table, the hydrogen bonding entropy
change with self-solvation is reported. In contrast to enthalpy, the values reported for this
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change in entropy are in rather good agreement with the widely accepted values (on the
order of −25 J/K mol), with the exception of methanol and ethanol [54,62–64].

Table 1. The five contributions (cf. Equation (2)) to the equilibrium constant (−logKS) for the self-
solvation free energy of alkanols [16,60]: the hydrogen bonding contribution, ΔGS

hb, to the solvation
free energy (in kJ/mol); the experimental [61] hydrogen bonding contribution, ΔHS

hb, to the self-
solvation enthalpy (in kJ/mol); and the calculated hydrogen bonding contribution to the self-solvation
entropy (in J/mol K) of alkanols.

Alkanol eE sS aA bB lL ΔGS
hb ΔHS

hb ΔSS
hb

METHANOL 0.095 0.578 1.645 0.656 0.747 −13.14 −15.1 −6.58

ETHANOL 0.058 0.363 1.441 0.572 1.265 −11.49 −16.9 −18.14

1-PROPANOL 0.056 0.314 1.439 0.516 1.784 −11.16 −17.7 −21.93

1-BUTANOL 0.063 0.323 1.365 0.424 2.312 −10.21 −17.7 −25.11

1-PENTANOL 0.035 0.225 1.392 0.463 2.793 −10.59 −17.7 −23.85

1-HEXANOL 0.043 0.245 1.330 0.432 3.294 −10.06 −17.7 −25.62

1-HEPTANOL 0.045 0.234 1.323 0.388 3.837 −9.77 −17.7 −26.61

1-OCTANOL 0.043 0.236 1.283 0.364 4.349 −9.40 −17.7 −27.84

1-DECANOL 0.017 0.150 1.292 0.354 5.382 −9.40 −17.7 −27.84

2-PROPANOL 0.068 0.261 1.237 0.591 1.571 −10.43 −17.3 −23.03

2-PENTANOL 0.065 0.182 1.237 0.573 2.650 −10.34 −17.3 −23.36

The key point from the above exposition is that, even for the extensively studied
alkanols, there are notorious discrepancies in the open literature regarding hydrogen
bonding contribution. Since hydrogen bonding contributions constitute the main charge
contributions to the solvation free energies of these systems, it would be useful to see what
the above thermodynamic framework and analysis tell us.

First of all, although often minor, a distinction should be made between hydrogen
bonding solvation free energy, ΔGS

hb, and free energy change upon the formation of the
hydrogen bond, ΔGhb

ij , as well as for the corresponding hydrogen bonding enthalpies. The
latter quantity characterizes the average strength of a specific interaction, and is well suited
to carrying out modeling using explicit equations, like Equations (31) or (41). This quantity,
when used in a consistent thermodynamic framework, should lead to expressions (like
the above terms, Fij) for the former quantity, ΔGS

hb, which is part of the measurable overall
solvation free energy. The same holds true for the corresponding enthalpies, although the
difference in enthalpies is significantly reduced. As an example, in the case of self-solvation,
we may start from the simple Equation (32) and examine the above differences.

If the logarithm of Fij in Equation (30) or (32) were written without the constant term,
as in the LSER model, this would imply than lnF12 = −ΔGhb

ij /2RT(cf. Equation (31)) and
the hydrogen bonding equilibrium constant, K12, were identical to the hydrogen bonding
component of the solvation equilibrium constant, KS, as well as, of course, with F12. This
would simplify things, and the differences described above would be zero. The correction
constant to F12, however, implies that the two Ks are conceived differently by the two
modeling approaches. Thus, the LSER quantity, −2.303RT(A1a2 + B1b2) = ΔGS

hb, cannot be
considered identical to ΔGhb

12 . The way hydrogen bonding contributes to the solvation free
energy depends on the nature and multiplicity of the interacting sites, and this requires
some corresponding correction to the plain sum of the LFER products, A1a2 + B1b2. Neither
should F12 be considered to be identical to K12. Similar concerns apply to all models based
on divisions of intermolecular interactions.
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By combining Equation (19) with Equation (28) or with Equation (29), we obtain the
following equation (the subscript 1 in Equation (49) should be taken as corresponding to
the acid site, while the subscript 2 corresponds to the base site):

ΔHS
hb = ΔHS

hb,12 + ΔHS
hb,21 = −2RT2

(
∂(ΔGS

hb,12/RT)
∂T

)
P
= −2RT2

(
∂ ln(F12)

∂T

)
P

= −2RT2
(

∂ ln((1+2
√

K)/(1+
√

5))
∂T

)
P
= −2RT2

(
∂ ln(1+2

√
K)

∂T

)
P

= −2 RT2

1+2
√

K
K√
K

∂
∂T

(
ΔHhb

12−TΔShb
12

RT

)
P
= 2K√

K+2K
ΔHhb

12

(49)

Thus, at values of K that are not very low, the hydrogen bonding solvation enthalpy
may be considered to be close to the corresponding change in enthalpy upon the formation
of the acid–base hydrogen bond. In alkanols in which K is greater than 350, their difference
is less than 2%. Thus, information on this quantity would essentially be directly transferable.
As a consequence, the enthalpy described in column 8 of Table 1 should have been nearly
identical to the change in enthalpy ΔHhb

12 , which is not the case. This discrepancy highlights
the problem caused by the lack of consensus in the literature on the strength of hydrogen-
bonding interactions in alkanols. However, the PSP approach and the equation-of-state
model permit the estimation of this change in enthalpy on the basis of other thermodynamic
properties, as well.

The free energy and enthalpy data presented in Table 1 were used to correlate the
basic thermodynamic quantities of alkanols (vapor pressure, vaporization heat, den-
sity, and solubility parameters) [65] with those of the LFHB and the more advanced
NRHB [52–54,57,58] equation-of-state models. The LFHB scaling constants with which
the best correlations were obtained are reported in the SM. In Table 2, the LFHB scaling
constants are reported, along with the more widely accepted hydrogen bonding enthalpies
and entropies [50–54,56–58,62–64] that were used to obtain the best correlations for the very
same set of thermodynamic quantities of alkanols [65]. Two sets of scaling constants are
reported for methanol, just to show how sensitive the scaling constants are to the adopted
hydrogen bonding parameters.

Table 2. The scaling constants and the hydrogen bonding solubility parameters of alkanols.

Solvent
ε*/

J mol−1
ε*s/JK 1

mol−1
v*sp0/cm3

mol−1

v*sp1/

× 104
ΔHhb

22 /
kJ mol−1

ΔSh
22/

JK−1 mol−1
ΔGhb

22 /
kJ mol−1

METHANOL 1 4609 −0.117 1.165 2.5 −23.60 −28.0 −15.25

METHANOL 4162 1.185 1.131 2 −26.00 −29.5 −17.21

ETHANOL 4134 −0.107 1.128 0 −24.05 −27.5 −15.85

1-PROPANOL 4072 0.330 1.103 −1 −23.60 −26.5 −15.70

1-BUTANOL 4092 0.610 1.097 −1 −23.40 −26.5 −15.50

1-PENTANOL 4076 0.914 1.088 −1 −23.38 −27.0 −15.33

1-HEXANOL 4058 1.090 1.079 −1 −23.08 −26.5 −15.18

1-HEPTANOL 4117 0.730 1.081 −1 −23.10 −27.0 −15.05

1-OCTANOL 4086 1.004 1.075 −1 −23.10 −27.5 −15.18

1-DECANOL 4095 1.311 1.072 −3 −23.10 −28.5 −15.05

ISOPROPANOL 3777 0.267 1.103 −1 −23.50 −26.5 −14.90

2-PENTANOL 3784 0.949 1.072 −2 −23.50 −26.5 −14.75
1 Scaling constants for methanol accounting for δhb [24].
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In Table 3, the calculated solubility parameters are compared with the two sets of
hydrogen bonding parameters described in Tables 1 and 2, as well as with literature data.
It can be observed that the hydrogen bonding data in Table 1 do not seem to be compatible
with the experimental data regarding total solubility parameters, especially in the case of the
lower (MW) alkanols, or with the Hansen solubility parameters for hydrogen bonding [24].
In fact, the large discrepancies for the later may be an explanation for the discrepancies
in the former. The discrepancies were somewhat larger, when using the NRHB [57,58],
rather than the LFHB, model. As shown by Equation (40), the change in enthalpy, ΔHhb

12 ,
strongly affects, in a direct manner, the hydrogen-bonding PSP and thus the corresponding
solubility parameter, δhb. Thus, the correlation of this parameter can be considered to
be a direct test of the accuracy of the proposed ΔHhb

12 values. It seems that the hydrogen
bonding parameters reported in Table 1, which have apparently been adopted by the LSER
model [40], are not compatible with the corresponding solubility parameter data described
in the literature [24,61].

Table 3. The experimental and calculated total solubility parameters and hydrogen bonding solubility
parameters of alkanols. LSER and PSP calculations were performed using the hydrogen bonding
parameters presented in Tables 1 and 2, respectively.

Solvent
δt/MPa0.5 δhb/MPa0.5

LSER calc σ Exp [61] LSER calc σhb Exp [24]

METHANOL 1 27.8 30.2 29.4 17.9 22.8 22.3

METHANOL 27.8 30.4 29.4 17.9 24.4 22.3

ETHANOL 25.0 26.3 26.2 14.9 19.3 19.4

1-PROPANOL 23.8 24.3 24.6 13.3 16.9 17.4

1-BUTANOL 22.8 23.1 23.5 11.5 14.9 15.8

1-PENTANOL 21.9 22.6 22.4 10.5 13.6 13.9

1-HEXANOL 21.3 21.9 22.1 9.4 12.5 12.5

1-HEPTANOL 21.0 21.7 21.8 8.6 11.7 11.7

1-OCTANOL 20.5 21.0 21.0 8.6 11.0 11.9

1-DECANOL 20.1 20.4 20.2 7.0 9.8 10.0

ISOPROPANOL 22.8 23.6 23.8 12.6 16.4 16.4

2-PENTANOL 21.1 21.8 21.8 10.2 13.6 13.3
1 With scaling constants for methanol best accounting for δhb [24].

So far, we have essentially confined ourselves to the self-solvation of alkanols. We
could further test the accuracy of the proposed hydrogen bonding energies by looking at
the solvation of various solutes in alkanol solvents. In this way, we could extract useful
conclusions, especially from solutes that form hydrogen bonds with alkanols. In essence, if
the true values of hydrogen bonding free energy and enthalpy of alkanols are significantly
more negative than what is estimated by the LSER model, then, in the solvation free
energies of various solutes in alkanol solvents, this would show up in the LSER model
estimations by being somewhat less negative than the corresponding experimental values.

In Figure 3, the LSER estimations of the solvation free energy of a variety of solutes
in 1-octanol are plotted as a function of the corresponding experimental data [49]. In the
same figure, alternative predictions are also reported in which the LSER hydrogen bonding
contribution to ΔGhb

12 (Table 1) is replaced with the corresponding LFHB contributions with
the above, more widely used, hydrogen bonding parameters (Table 2). It can be seen that
the two sets of predictions are practically identical, except for the notable case of water,
where the LSER estimation is significantly less negative than the LFHB one, while being in
rather good agreement with the experimental results. This picture is nearly the same for
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the solvation in all alkanols as solvents. Detailed tables with the data reported in Figure 3
are provided in the Supplementary Materials (SM).
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Figure 3. The LSER estimations of the solvation free energy of various solutes in 1-octanol, as a
function of the corresponding experimental data [49].

As can be observed in Figure 3, the scatter of the experimental solvation free ener-
gies [49] does not permit clear judgement regarding the accuracy of the alternative sets of
hydrogen bonding parameters used. The outlier in the LFHB correlation (water) is quite
interesting, and will be extensively discussed in a forthcoming paper dedicated exclusively
to water and aqueous systems.

All of the above indicate that the LSER estimations of hydrogen bonding contribution
to solvation free energies in alkanols raise several questions, and should probably be
reconsidered. However, if they were to be reconsidered, their reconsideration might affect
the other products of the LFER linearity Equations (1) and (2), and such structural changes
in the LSER database are not easy to make. In fact, the accuracy of the experimental results
for overall solvation free energies may not always be high enough to capture the differences
in hydrogen bonding parameters or, probably, the parameters of the other intermolecular
interactions. These obstacles are mentioned here, just to indicate the challenges faced by PSP
development. If these obstacles could be overcome, the transfer process described above
might be reversed, and information from PSPs could be used to enhance the LSER database.

Assuming that the values of σa and σb are known from other sources, say, from the
COSMO-RS model [35–39] or from molecular dynamics simulations, Equation (47) can
be used to calculate the hydrogen bonding LSER molecular descriptors. This particular
transfer, either from LSER to PSP or from PSP to LSER, is meaningful and useful when the
same constant k is used in the equation. This constant may be obtained using Equation (31)
if ΔGhb

ij is known. In Table 4, the estimations of this constant are reported for alkanols

based on the hydrogen bonding parameters, ΔGhb
ij , presented in the table. It can be seen

that k is nearly constant. In fact, on the basis of analogous calculations performed for other
solute–solvent systems, including aqueous ones, it seems that the values of k center around
k = 33.9 or kR × 298.15 = 84,000 J/mol. The adoption of such a universal value for the
constant k would greatly augment the predictive capacity of LSER and PSP, as well as
other interconnected QSPR-type databases. However, the prerequisite for this remains the
agreement on the values of ΔGhb

12 or ΔHhb
12 for several hydrogen-bonded compounds. In

fact, the adoption of such a universal value for k would also require a rather minor change
in the A and B LSER descriptors to A’ and B’, as reported in Table 4, in order to obtain the
same solvation free energy as the product kRTA’B’.
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Table 4. The acidity and basicity LSER descriptors, A and B [16], the free energy change upon
self-association, ΔGhb

ij , the corresponding kRT product, and the readjusted A’ and B’ descriptors to be
used with a universal value of kRT = 84 kJ/mol.

Solvent A B
−ΔGhb

ij /

kJ mol−1

−kRT/
kJ mol−1 A’ B’

METHANOL 0.43 0.47 17.21 85.13 0.433 0.473

ETHANOL 0.37 0.48 15.85 89.25 0.381 0.495

1-PROPANOL 0.37 0.48 15.70 88.40 0.380 0.492

1-BUTANOL 0.37 0.48 15.50 87.26 0.376 0.491

1-PENTANOL 0.37 0.48 15.33 86.31 0.374 0.489

1-HEXANOL 0.37 0.49 15.18 85.15 0.370 0.489

1-HEPTANOL 0.37 0.48 15.05 84.73 0.369 0.485

1-OCTANOL 0.37 0.49 14.90 83.89 0.365 0.485

1-NONANOL 0.37 0.49 14.75 81.82 0.362 0.484

1-DECANOL 0.36 0.49 14.60 82.29 0.361 0.482

ISOPROPANOL 0.31 0.56 15.90 92.65 0.322 0.588

2-PENTANOL 0.33 0.56 15.60 85.38 0.329 0.565

Having agreed on the hydrogen bonding parameters, an agreement on the contribution
of hydrogen bonding to the solvation free energy is then feasible. Once this is done, the
exchange of information can be continued with the other descriptors. The contribution of
non-hydrogen-bonding interactions to PSPs can easily be obtained from the equation-of-
state scaling constants. Combining Equations (36)–(39), we get:

σ2
d + σ2

p = ρ̃
E∗

d + E∗
p

Vm
= ρ̃

E∗

Vm
(50)

The dispersive PSP, σd, is mainly connected to the McGowan volume, Vx, and, to a
lesser extent, to the excess refractivity descriptor, E (cf. Equation (36)). Both Vx and E
are rather clearly defined, and practically speaking, Equation (36) is always considered
to be valid. Since the total solubility parameter is very often known with good accuracy,
Equation (42) permits the estimation of the polar PSP, σp, or, equivalently, the LSER polarity
descriptor, S, or the interaction energy, Ed*. The polarity descriptor S is not as clearly
defined as Vx and E. Thus, the above transfer of information from σp may be useful for
verification or for a better estimation of S.

4. Discussion

There is no doubt that the LSER approach and database [1–18] are very rich in thermo-
dynamic content. For decades, now, the scientific community has used them in numerous
applications, with remarkable success. However, the question remains as to how this
content might be extracted and transferred for more extensive or specific advanced thermo-
dynamic calculations. In response to this question, an attempt was made in the previous
two sections to address some challenging issues related to the interconnection between
the LSER approach and database [1–18] and the equation-of-state approach and Partial
Solvation Parameters [26–34].

The three LSER molecular descriptors, Vx, E, and L, are rather clearly defined. The
remaining three descriptors for the polar and strong specific interactions, S, A and B, are not
as clearly defined and, to a great extent, their determination has been performed through
regression and fitting to experimental data. In this regard, the more specific question
is: how can hydrogen bonding or strong (Lewis) acid–base interactions, reflected by the
descriptors A and B, be separated from the remaining weaker polar interactions, reflected

242



Liquids 2023, 3

by the descriptor S? Furthermore, the even more specific question is: on what scale is acidity
or basicity expressed? This concept of “scale” is needed whenever aiming to perform a
quantitative comparison of similar properties or entities.

In the previous two sections, the focus was primarily on descriptors A and B, and
indirectly on descriptor S. The basis of the discussion was the very fact that thermodynamic
quantities such as solvation free energy can be estimated successfully using a simple linear
equation (Equation (2)). The obvious first step was to examine the thermodynamic basis
of this very linearity, especially for the hydrogen bonding contribution. The tool used for
this examination was a simple statistical thermodynamic model, able to handle simple
as well as complex hydrogen-bonding interactions, including intramolecular interactions,
cooperativities and three-dimensional networks [50–58]. The minimal features of the model
were used here, since the bulk of hydrogen-bonded solutes and solvents are attributed
one donor and/or one acceptor site when using the LSER approach, while densities or
external pressures are not explicitly taken into account. Even when considering temperature
variations, the bulk of the data are reported at a temperature of 25 ◦C. Thus, hydrogen-
bonding interactions could be handled as simple quasi-chemical reactions with a free
energy change upon formation and an equilibrium constant. For reader convenience, a step-
by-step derivation of the key equations with the corresponding assumptions is provided in
the SM, along with the implementation of the central simple assumption for this (hydrogen
bond) free energy change upon formation, namely, ΔGhb

12 = −kA1B2.
With this exercise, it was verified that the hydrogen bonding contribution to solvation

free energy may indeed be expressed in a linear-like manner similar to the LSER, as shown
in Equation (2). This similarity is gratifying, but more interesting is the insight contained in
the new equations. In the main text, above, the case of molecules with one donor and/or
one acceptor was presented. The case of molecules with two donors and/or two acceptors
is presented in the Supplementary Materials (SM). The acid (1)–base (2) contribution to
solvation free energy is given by the following general equation:

ln(F12 − λ) = A1(kB2) + c′2 = A1a′2 + c′2 (51)

and the base(1)–acid(2) contribution by the following symmetric equation:

ln(F21 − λ) = B1(kA2) + c′2 = B1b′2 + c′2 (52)

The constant c2
′

is an exclusive property of the solvent (component 2). The constant
λ reflects the character of the hydrogen-bonding interaction. In one-donor–one-acceptor
solute–solvent systems, λ = 2/

(
1 +

√
5
)

and, upon self-solvation, λ = 1/
(

1 +
√

5
)

. In the
case of two-donor–two-acceptor solute–solvent systems, λ = 2/4 and, upon self-solvation,
λ = 1/4.

Due to their symmetric character, Equations (50) and (51) indicate that, upon self-
solvation, the acid–base and the base–acid contributions are identical, that is, F12 = F21 and
A1a2

′ = B1b2
′. What is even more interesting, though, is that both solvent coefficients, a2

′
and b2

′, are expressed explicitly by the plain relations, a2
′ = kB2 and b2

′ = kA2.
It seems, however, that LSER was developed differently with respect to hydrogen-

bonding interactions. Linearity is obeyed, but upon self-solvation, A1a2 is different from
B1b2. Apparently, one or both of these products also contains the information of constant
c2

′. The constant λ does not show up when using the LSER approach, since it handles
solute–solvent interactions exclusively as a one-donor–one-acceptor interaction. Thus, at
present, the extraction of separate information on acidity and basicity contributions is not
quite straightforward. If this were possible, this information could be transferred to the
corresponding PSPs via Equations (45) and (46), and practically useful equation-of-state
calculations could be performed.

The overall hydrogen bonding LSER contribution seems easier to extract and transfer.
Even there, however, much care must be exercised. In the previous section, the example of
alkanol solvents was discussed, where the value of enthalpy-change upon the formation of
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OH–OH hydrogen bonds is still controversial today. The value adopted by LSER (on the
order of −17 kJ/mol) is rather drastically different from the more widely adopted value
(on the order of −25 kJ/mol), and this by itself remains a challenging issue in the literature.

If the above issues were clarified, the PSP approach could facilitate the determination
of the descriptor S once the hydrogen bonding contribution was known. As shown in the
previous section, the solubility parameter, and especially its hydrogen bonding component,
are sensitive to the value of the hydrogen bonding enthalpy. The overall solubility parame-
ter is a rather well-defined (and measurable) quantity. Thus, once the hydrogen bonding
contribution is known, it may be relatively easier to separate the remaining dispersion and
polar contributions.

It should be stressed, once again, that the above analysis is not a criticism of any
database or polarity scale reported in the literature. It is just an attempt to develop a
thermodynamic basis for the safe exchange of information between different databases.
The interconnection between LSER and PSP is just an example used to discuss some
problems associated with this effort. The above discussion was not exhaustive, by any
means, with respect to these problems, but their nature and key aspects have hopefully
been exposed.

The calculations in the present work were confined to systems of alkanols. Water and
aqueous systems will be discussed in a forthcoming manuscript. Systems of glycols will
also be discussed separately, since they possess two distant donor sites and two acceptor
sites in their molecules (cf. SM file). Heterosolvated compounds, possessing one type of
hydrogen bonding site only—donor or acceptor—are also a separate class of compound,
and will be discussed after self-associating or homosolvated compounds. These studies
will contribute to our understanding of the thermodynamic content of the LSER linearity
terms and the factors affecting them.

It should be stressed that the purpose of this manuscript was not to report a full new
database in place of the current LSER database. The development of such a full database is
not an easy task, and would require a concerted effort and wider collaboration. In this series
of papers, we discuss various classes of compounds (e.g., alkanols, water and aqueous
systems, heterosolvated compounds, etc.), but we are far from establishing a full database.
We hope that this manuscript will stir broader interest and promote the concerted effort
and collaboration required.

In summary of the key messages of this work, the LSER model with its database
is not only a valuable predictive tool that is rich in thermodynamic information, the
linearity of LFER indeed has a sound thermodynamic basis. It seems, however, that this
thermodynamic basis was either not known, or it was disregarded, and the development
of the LSER database was carried out on a more or less empirical basis using plain linear
regressions and correlations of experimental data, with little interest in the thermodynamic
consistency of the reported LFER parameters. As an example of this inconsistency, the acid–
base interaction, aA, is often drastically different from the very same base–acid interaction,
bB, upon self-solvation. This makes it difficult to extract thermodynamic information from
the LSER database in its current form, in spite its remarkable potential. There is no need
whatsoever to change LSER descriptors and LFER parameters for current applications of
the LSER database. However, since there is now an explicitly known thermodynamic basis,
the LSER database could be restructured or redesigned on this basis, if there is an interest in
the exchange of thermodynamic information. With a firm thermodynamic basis, it would
be meaningful to exchange information on thermodynamic quantities among a number of
different databases.

5. Conclusions

The LSER model and database, which is very useful in numerous applications, are
also very rich in thermodynamic information, and some key problems associated with the
extraction and transfer of this information were discussed in this work. A thermodynamic
basis for the linearity of the LFER/LSER approach was proposed and used to provide an
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interconnection between the LSER molecular descriptors and the corresponding Partial
Solvation Parameters (PSPs). It was shown that, in contrast to the well-defined thermo-
dynamic quantities, much care must be exercised when transferring information based
on the divisions of intermolecular interactions, since they necessarily have an inherently
varying degree of arbitrariness. The LSER database has not been developed, to date, on the
above thermodynamic basis, and some aspects of its departure from this were discussed, in
an effort to recover thermodynamic information from the reported molecular descriptors
and LFER coefficients. The advantages of adopting this thermodynamic basis were also
indicated. This adoption is not a trivial task, and will require a concerted effort by experts
in the field. It is hoped that this work will stir sufficient interest in the relevant literature, in
this regard.
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List of Symbols

Latin letters
ai Number of acceptor sites of type i
ai LFER acidity coefficient for solvent i
Ai LSER acidity molecular descriptor of component i
bj LFER basicity coefficient for solvent j
Bj LSER basicity molecular descriptor of component j
c LFER constant coefficient
di Number of donor sites of type i
e LFER solvent refractivity coefficient
E Excess refractivity LSER molecular descriptors
F Hydrogen bonding contribution term
G Free energy
H Enthalpy
k Proportionality constant
K Equilibrium constant
l LFER coefficient for gas-to-C16 partitioning
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L LSER molecular descriptor for gas-to-C16 partitioning
N Mole number
P Pressure
r Number of molecular segments
R Gas constant
s LFER polarity coefficient
S Entropy
T Temperature
v specific volume
V Volume
Vx McGowan volume
x Mole fraction
Z Compressibility factor
Greek Letters
γ Activity coefficient
δ Solubility parameter
ΔY Change in quantity Y
ΔGhb

ij Free energy change on hydrogen bond formation between donor i and acceptor j.
ε* Interaction energy
ν Fraction or reduced number of hydrogen bonds
ξ Correction factor to geometric-mean interaction energy
ρ̃ Reduced density
σ Partial solvation parameter
ϕ Fugacity coefficient
ω Molecular conformation parameter
Superscripts
0 Pure component
∞ Infinite dilution
* LFHB scaling property
hb Hydrogen bonding quantity
IG Ideal gas
S Solvation quantity
Subscripts
1/2 Property of solute (1) in solvent (2)
0i Fraction of free acceptor sites
i0 Fraction of free donor sites
d Dispersion quantity
hb Hydrogen bonding quantity
i Quantity pertaining to component i
ij Quantity pertaining to the interacting pair i, j
m Molar quantity
p Polar quantity
sp Specific
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