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Abstract: Published solubility data for 4,5-dihydroxyanthraquinone-2-carboxylic acid dissolved in
several organic solvents of varying polarity and hydrogen-bonding character are used to calculate the
Abraham model solute descriptors. Calculated descriptor values suggest that 4,5-dihydroxyanthraquinone-2-
carboxylic acid engages in intramolecular hydrogen formation between the two phenolic hydrogens
and the proton acceptor sites (the lone electron pairs) on the neighboring quinone oxygen atom.
Our study further shows that existing group contribution and machine learning methods provide
rather poor estimates of the experimental-based solute descriptors of 4,5-dihydroxyanthraquinone-2-
carboxylic acid, in part because the estimation methods to not account for the likely intramolecular
hydrogen-bonds. The predictive aspect of the Abraham model is illustrated by predicting the
solubility of 4,5-dihydroxyanthraquinone-2-carboxylic acid in 28 additional organic mono-solvents
for which experimental data does not exist.

Keywords: intramolecular hydrogen-bond formation; molar solubility ratios; Abraham model solute
descriptors; solubility predictions

1. Introduction

Hydrogen-bonding plays an important role in many chemical and biological pro-
cesses, and affects the arrangement of molecules in liquid mixtures and the molecular
packing in crystalline materials. Both experimental and computational methods have been
successfully employed in studying the dynamic and static nature of hydrogen-bond for-
mation, as well as examining how the H-bond strength and H-bond length determine the
mixture’s/material’s spectral, physical, and thermodynamic properties. Hydrogen-bond
formation often results in significant changes in the observed vibrational infrared and
proton NMR spectrum, as manifested by large wavelength shifts in the infrared absorption
band, or by large chemical shifts in the NMR signal of the H-bonded proton(s). Spectral
data provides a convenient means to obtain the association constant of both homogeneous
and heterogeneous hydrogen-bonded complexes. Through the variation of the natural
logarithm of the association constant with the reciprocal of the Kelvin temperature, the
accompanying standard enthalpy of H-bond formation can be obtained.

Solution calorimetric methods provide a more direct means for obtaining the standard
molar hydrogen-bond enthalpy, though one may have to separate the specific interactions
associated with H-bond formation from the enthalpic contributions due to the nonspecific
dispersion interactions that also are present in the liquid mixtures. Calorimetric measure-
ments using “model” probe compounds lacking the ability to engage in hydrogen-bond
formation have proved useful in quantifying the much smaller nonspecific interactions.
The pure base method developed by Arnett and coworkers [1] is an early calorimetric
application of the utilization of “model” probe compounds to separate the contributions
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of hydrogen-bond formation from nonspecific interactions, which are present in all lig-
uid mixtures. The authors determined the enthalpies of hydrogen-bond formation of
4-fluorophenol with 35 different bases from measured enthalpies of solution of both 4-
fluorophenol and 4-fluoroanisole in each pure base solvent. Measured solution enthalpies
of the 4-fluoroanisole “model” compound were used to correct for 4-fluorophenol-base
interactions other than H-bond formation. More involved correction procedures [2—6]
have involved experimental determinations of enthalpies of solution of H-bond donors,
H-bond acceptors and/or model probe compounds in saturated hydrocarbon solvents
like cyclohexane and heptane, or in weakly interacting solvents like benzene and tetra-
chloromethane. Measurements in slightly interacting solvents, though not ideal, might be
needed in instances where a given H-bond donor/acceptor molecule fails to sufficiently
dissolve the saturated hydrocarbon solvent.

To reduce the number of experimental measurements predictive group contribution
methods [7-9], as well as quantitative structure-property relationships (QSPR) [10-12] and
linear solvation energy relationships (LSER) [13-17], have been reported for predicting
enthalpies of solvation of organic solutes in more than 40 different organic solvents of
varying polarity and hydrogen-bonding character. The complete solvent dataset includes
five saturated hydrocarbons (hexane, heptane, octane, hexadecane, and cyclohexane),
carbon tetrachloride, and four alkylbenzenes (benzene, toluene, 1,4-dimethylbenzene, and
1,3,5-trimethylbenzene), plus numerous alcohols, chloroalkanes, ketones, esters, and other
common miscellaneous organic solvents used in commercial manufacturing processes.
Each published correlation is based on calorimetric and activity coefficient measurements
for more than 40 different solutes, and can back-calculate the experimental enthalpy of
solvation data used in determining group values and/or correlation coefficients to within
3.5 k] mol~! (or less).

One of the predictive correlations based on the Abraham solvation parameter model [18]:

AHSOIV=L11~A+bk~B+€1'E+Sl's+ll'L+C1 (1)
enables estimation of the standard enthalpy of hydrogen-bond formation, AHyypong, from
AHppond =01 -A+b1-B 2)

known A and B solute descriptors and calculated a; and b; equation coefficients according
to Equation (2). Solute descriptors A and B refer to the overall H-bond donating and
H-bond accepting character of the given solute, and the lowercase equation coefficients,
a; and by, denote the complimentary solvent properties. When multiplied together, as
in Equation (2), the summed product corresponds to the enthalpy of hydrogen-bond
formation. The remaining three solute descriptors in Equation (1) denote the solute’s excess
molar refraction, E; the combination of the solute’s dipolarity and polarizability, S; and
the logarithm of the solute’s gas-to-hexadecane partition coefficient measured at 298.15 K,
L. The remaining lowercase coefficients (e;, s1, I, and ¢;) in Equation (2) represent the
complimentary solvent properties. Wilson et al. [18] have used Equation (2) (with b; set
equal to zero as 1,4-dioxane lacks an acidic hydrogen and thus cannot serve as an H-bond
donor) in estimating the strength of hydrogen-bonding interactions between acid solutes
and 1,4-dioxane, which were in the order of AHypong ~ —5.5 k] mol~! (for chloroform)
to AHpppond ~ —22 kJ mol~! (for phenol). The numerical values of AHyypong calculated
in this fashion were found to be well in agreement with the available literature data. The
preceding paragraphs are not intended to provide a complete review of the published
literature pertaining to hydrogen-bonding. Rather, we wish to briefly mention the difficulty
in determining the thermodynamic properties associated with hydrogen-bond formation,
and how predictive group contribution methods and linear solvation energy expressions
can assist in such determinations.

The Abraham model solute descriptors and complimentary solvent properties are not
simply curve-fitting parameters. Rather, the quantities encode valuable chemical informa-
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tion regarding the properties of the solute and solvent. For example, very small or near
zero A-solute descriptor values calculated from published molar solubilities and water-
to-organic solvent partition coefficients, alone or in combination with measured proton
NMR chemical shift data, have been used to establish the likely presence of intramolecular
hydrogen-bonding in both 1,4-dihydroxyanthraquinone and 1,8-dihydroxyanthraquinone [19],
in 2-nitrophenol and 2,4-dinitrophenol [20], and in select hydroxyflavones and hydroxy-
isoflavones [21]. Functional group activity models would estimate much larger A-solute
descriptor values. For example, estimation of the A solute descriptor of 1,4-dihydroxyanthraquinone
using the predictive software on the UFZ-LSER [22] and the compound’s canonical SMILES
code, C1=CC=C2C(=C1)C(=0)C3=C(C=CC(=C3C2=0)0)O, gives A = 0.82, which is con-
siderably larger than the experimental-based value of A = —0.121 obtained by analyzing
published solubility data in accordance with the Abraham model. Negative values of the
A solute descriptor are meaningless, so the value was set equal to zero with no loss in
descriptive ability [19].

Recent publication [23,24] of mole fraction solubilities for 4,5-dihydroxyanthraquinone-
2-carboxylic acid (molecular structure given in Figure 1) dissolved in several organic
solvents provides the opportunity to: (1) calculate experimental-based solute descriptors for
one additional compound; (2) assess the likelihood of hydrogen-bond formation; (3) further
assess the limitations and applications of existing group contribution [25-28] and machine
learning [27,28] methods in terms of estimating solute descriptors for more complex, multi-
functional group molecules; and (4) illustrate the predictive aspects of the Abraham model.
An important facet of the model is that a common set of solute descriptors, either (E, S, A, B, and V) or
(E, S, A, B and L), can predict so many important chemical and thermodynamic properties
needed in the design of industrial manufacturing processes. Many other QSPRs and LSERs
require a different set of solute descriptors for each property to be predicted. In other
words, one set of solute descriptors would be needed to predict enthalpies of solvation
in 1,4-dioxane, and a completely different set of descriptor values would be needed to
predict practical water-to-ethyl acetate partition coefficients. In the present communication
we determine experimental-based solute descriptors for 4,5-dihydroxyanthraquinone-2-
carboxylic acid, which are then used to estimate the solubility of the carboxylic acid in an
additional 28 organic solvents for which experimental data are not available. Solubility
is an important consideration in identifying a suitable solvent for chemical purification
through recrystallization. 4,5-Dihydroxyanthraquinone-2-carboxylic acid, whose molecular
structure is given in Figure 1, has been shown to exhibit select antimicrobial, anticancer,
and anti-inflammatory activities.
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Figure 1. Molecular structure of 4,5-dihydroxyanthraquinone-2-carboxylic acid, having two hydroxyl,
one carboxylic and two carbonyl function groups, in additional to the two aromatic and one cyclic
ring backbone.
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2. Solute Descriptor Computations

As noted above, the calculated A solute descriptor can provide an indication regarding
whether not intramolecular hydrogen-bond formation occurs in 4,5-dihydroxyanthraquinone-2-
carboxylic acid. Based upon the three proton-donating groups present in the molecule one
would expect the A solute descriptor to exceed unity. In fact, three estimation methods that use the
molecule’s canonical SMILES code: C1=CC2=C(C(=C1)O)C(=0)C3=C(C2=0)C=C(C=C30)C(=0)O
as the structural input information:

UFZ-LSER estimation [28]: E =2.34; S =2.46; A =1.28, B = 1.14; V = 1.8615; and
L =11.352
Group contribution estimation [27]: E=2.32; S =2.37; A =1.44; B=0.96; V = 1.8615;
and L = 11.368

Machine learning estimation [27]: E=2.49; S =2.17; A=1.11; B =0.87; V = 1.8615;
and L =11.327
give numerical values of the A solute descriptor in the range of A = 1.11 to A =1.44.
Significantly smaller values would be expected if intramolecular hydrogen-bond formation
occurred as the two phenolic hydrogens would not be available to interact with surrounding
solvent molecules. As shown in Figure 2, both phenolic hydrogens would interact with the
proton acceptor sites (the lone electron pairs) on the neighboring quinone oxygen atom as
depicted in Figure 2. Only the carboxylic acid functional group would contribute to the H-
bond character. The A solute descriptors of benzoic acid (A = 0.59) and substituted-benzoic
acids like 4-chlorobenzoic acid (A = 0.63), 4-nitrobenzoic acid (A = 0.68); and 4-chloro-3-
nitrobenzoic acid (A = 0.70) typically fall somewhere around A = 0.65 =+ 0.10, depending on
the substituent(s) and its(their) placement on the aromatic ring. As an informational note,
estimation methods also calculate the numerical value of the V solute descriptor, which
corresponds to the characteristic McGowan volume. The V solute descriptor appears in
Abraham model correlations that describe solute transfer between two condensed. This
solute descriptor will be used shortly when experimental-based solute descriptors of 4,5-
dihydroxyanthraquinone-2-carboxylic acid are calculated.

H, .H.
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Figure 2. Pictorial depiction showing the possible intramolecular H-bond formation, that results in
4,5-dihydroxyanthraquinone-2-carboxylic acid, from interactions between the acidic hydrogen on the
two -OH functional groups and the neighboring quinone oxygen atom on the >C=0 functional group.

The calculation of Abraham model solute descriptors begins by constructing mathe-
matical Abraham molar solubility ratio equations:

log P and log (Cs organic/ Cswater) =€3 - E+83-S+az-A+b3-B+v3-V+cz3  (3)

log K and log (Cs organic/Cs,gas) =€4 - E+ 84 - S+ag- A+by-B+1y-L+cy 4)
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for each solvent which both experimental solubility data and solvent/process coefficients
are known. The three concentrations denote the molar solubility of the solute in the
respective organic solvent, Cs organic, and in water, Cs water, and a gas-phase concentration of
the solute, Csg gas, respectively. The published mole fraction solubility, XS organic, determined
by Wu et al. [23] and by Cheng et al. [24] are converted to molar solubilities:

CS,organic = xS,organiC/ Vsolvent (5)

by dividing by the molar volume of the respective organic solvent, Vsyent- The mole
fraction solubility is sufficiently small that only the solvent contributes to the total volume
of the solution.

We use in the solute descriptor computation only those organic solvents in which
dimerization of 4,5-dihydroxyanthraquinone-2-carboxylic acid is minimal. We note that,
for dimerization to occur, two carboxylic acid monomers must be in close proximity to each
other. In the case of 4,5-dihydroxyanthraquinone-2-carboxylic acid this is highly unlikely
given its very small molar solubility in each of the organic solvents listed in Table 1. From a
simple probability standpoint, 4,5-dihydroxyanthraquinone-2-carboxylic acid is more likely
to be surrounded by organic solvent molecules having the ability to form heterogeneous
hydrogen-bonded association complexes. For example, in an aqueous-organic two-phase
extraction study involving benzoic acid, Yamada et al. [29] found that the dimerization
constant of benzoic acid decreased in the 1-octanol-benzene organic phase with increasing
alcohol concentration. The molarity-based dimerization constant was less than unity at
1-octanol concentrations of 0.40 Molar or larger. The published partitioning studies were
performed at benzoic acid concentrations of 0.05 to 1.4 Molar. Carboxylic acids exist
predominantly in dimeric form in nonpolar solvents. Solute descriptors of the monomeric
and cyclic dimeric form of carboxylic acids are different in that the hydrogen of the -COOH
groups is not available to hydrogen-bond with surrounding solvent molecules. In Table 1
we list the molar solubility data used in the solute descriptor computation.

Table 1. Logarithms of the published experimental molar solubilities, log Cs organic, and logarithms
of the water-to-1-octanol partition coefficient, log P, for 4,5-dihydroxyanthraquinone-2-carboxylic
acid dissolved in organic solvents at 298.15 K.

Solvent Log Cs organic Log P Ref.
1-Octanol (wet) 4.580 ACD?
Methanol —3.495 [23]
Ethanol —3.588 [23]
Propan-1-ol —3.618 [23]
Propan-2-ol —3.547 [23]
Butan-1-ol —3.568 [23]
2-Methylpropan-1-ol —3.824 [23]
Ethylene glycol —3.738 [24]
Acetone —2.800 [23]
Butanone —2.995 [23]
Acetonitrile —3.770 [23]
Ethyl acetate —3.680 [24]

2 Numerical value is a calculated using Advanced Chemistry Development (ACD/Labs) Software V11.02. https:
//www.acdlabs.com (accessed on 2 June 2022).

For the convenience of journal readers, we have assembled in Table 2 the numerical
values of the solvent coefficients that pertain to both water-to-organic solvent partition
coefficients, log P, gas-to-water partition coefficients, log K, and molar solubility ratios.
The equation coefficients have been published in small subsets in many of our earlier
publications that have described the calculation of solute descriptors of a specific solute.
Normally, we report only those equation coefficients that are used in the solute descriptor
computation. A complete listing of solvent equations has not been published until now.
As an informational note, the coefficients denoted by the word “wet” after the organic
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solvent name pertain to practical, direct partition coefficients where the organic solvent
phase is in direct contact with the aqueous phase. In other words, the solute partitioning
process is between the organic solvent that is saturated with water, and the aqueous phase
that is saturated with the organic solvent. For these solvents, the presence of water in the
organic solvent affects its solubilizing ability as evidenced by the difference in the partition
coefficients for ethyl acetate (wet) versus ethyl acetate. Practical partition coefficients
are used in designing chemical extraction processes where the goal is to separate the
desired chemical product/analyte from impurities and other reaction products that might
be present in the reaction mixture (or chemical sample). For solvents that are fully miscible
with water, such as methanol, no confusion is possible, because log P must refer to the
“hypothetical partitioning process” between the two pure solvents. For solvents that are
almost completely immiscible with water, such as saturated alkanes, 1,2-dichloroethane,
and many aromatic solvents, there should be no confusion because hypothetical partition
coefficients expressed through the solubility ratio, Cs organic/ Cs water, Will be nearly the
same as the measured direct partition coefficient. The very small amount of water in the
organic solvent does not affect its solubilizing character.

Table 2. Equation coefficients for water solvent partition coefficients and air solvent partition coeffi-
cients, as log P and log K, and for molar solubility ratios, as log (Cs org / Cs water) and 10g (Cs org / Cs gas),
at 298 K.

Log (P Cs,org/Cs water) c3 e3 s3 az b3 U3
Octanol (wet) 0.088 0.562 —1.054 0.034 —3.460 3.814
Dichloromethane 0.319 0.102 —0.187 —3.058 —4.090 4.324
Trichloromethane 0.191 0.105 —0.403 -3.112 —3.514 4.395
Tetrachloromethane 0.199 0.523 —1.159 —3.560 —4.594 4.618
1,2-Dichloroethane 0.183 0.294 —0.134 -2.801 —4.291 4.180
1-Chlorobutane 0.222 0.273 —0.569 —2.918 —4.883 4.456
Hexane 0.333 0.560 -1.710 —3.578 —4.939 4.463
Heptane 0.297 0.634 —1.755 -3.571 —4.946 4.488
Octane 0.241 0.690 —-1.769 —3.545 —5.011 4511
Nonane 0.240 0.619 -1.713 —3.532 —4.921 4.482
Decane 0.172 0.726 —1.750 —3.446 —4.496 4.489
Undecane 0.058 0.603 —1.661 —3.421 —5.120 4.619
Dodecane 0.114 0.668 —1.644 —3.545 —5.006 4.459
Hexadecane 0.087 0.667 —1.617 —3.587 —4.869 4433
Cyclohexane 0.159 0.784 —1.678 —3.740 —4.929 4.577
Methylcyclohexane 0.246 0.782 —1.982 —3.517 —4.293 4.528
Isooctane 0.318 0.555 -1.737 —3.677 —4.864 4.417
Hexadec-1-ene 0.116 0.706 —1.616 —3.181 —4.796 4.322
Deca-1,9-diene 0.185 0.468 —1.888 —-2911 —3.972 4.382
Air-to-water —0.994 0.577 2.549 3.813 4.841 —0.869
Benzene 0.142 0.464 —0.588 —3.099 —4.625 4.491
Toluene 0.125 0.431 —0.644 —3.002 —4.748 4.524
1,2-Dimethylbenzene 0.083 0.518 —0.813 —2.884 —4.821 4.559
1,3-Dimethylbenzene 0.122 0.377 —0.603 —2.981 —4.961 4.535
1,4-Dimethylbenzene 0.166 0.477 —0.812 —2.939 —4.874 4.532
Ethylbenzene 0.093 0.467 -0.723 —3.001 —4.844 4514
Fluorobenzene 0.139 0.152 —0.374 —3.030 —4.601 4.540
Chlorobenzene 0.065 0.381 —0.521 —3.183 —4.700 4.614
Bromobenzene —0.017 0.436 —0.424 —3.174 —4.558 4.445
Todobenzene —0.192 0.298 —0.308 —-3.213 —4.653 4.588
Nitrobenzene —0.152 0.525 0.081 —2.332 —4.494 4.187
Benzonitrile 0.097 0.285 0.059 —1.605 —4.562 4.028
Diethyl ether (wet) 0.248 0.561 —1.016 —0.226 —4.553 4.075
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Table 2. Cont.

Log (P CS,org/ CS,water) c3 es S3 as b3 U3
Diisopropyl ether (wet) 0.472 0.413 —0.745 —0.632 —5.251 4.059
Dibutyl ether (wet) 0.252 0.677 —1.506 —0.807 —5.249 4.815
Ethyl acetate (wet) 0.441 0.591 —0.669 —0.325 —4.261 3.666
Butyl acetate (wet) —0.475 0.428 —0.094 —0.241 —4.151 4.046
PGDP ? 0.256 0.501 —0.828 —1.022 —4.640 4.033
Olive oil —0.035 0.574 —0.798 —1.422 —4.984 4.210
Carbon disulfide 0.047 0.686 —0.943 —3.603 —5.818 4921
Isopropyl myristate —0.605 0.930 —1.153 —1.682 —4.093 4.240
Methyl ethyl ketone (wet) 0.350 0.315 —0.196 0.040 —2.502 1.947
Methyl isobutyl ketone (wet) 0.383 0.801 —0.831 —0.121 —4.441 3.876
o-Nitrophenyl octyl ether (wet) 0.182 0.631 —0.447 —2.254 —3.973 3.559
Methanol 0.276 0.334 —0.714 0.243 —3.320 3.549
Ethanol 0.222 0.471 —1.035 0.326 —3.596 3.857
Propan-1-ol 0.139 0.405 —1.029 0.247 —3.767 3.986
Butan-1-ol 0.165 0.401 —1.011 0.056 —3.958 4.044
Pentan-1-ol 0.150 0.536 -1.229 0.141 —3.864 4.077
Hexan-1-ol 0.115 0.492 —1.164 0.054 —3.978 4.131
Heptan-1-ol 0.035 0.398 —1.063 0.002 —4.342 4.317
Octan-1-ol —0.034 0.489 —1.044 —0.024 —4.235 4.218
Decan-1-ol —0.058 0.616 —1.319 0.026 —4.153 4.279
Propan-2-ol 0.099 0.344 —1.049 0.406 —3.827 4.033
2-Methylpropan-1-ol 0.188 0.354 -1.127 0.016 —3.568 3.986
Butan-2-ol 0.127 0.253 —0.976 0.158 —3.882 4114
2-Methylpropan-2-ol 0.211 0.171 —0.947 0.331 —4.085 4.109
2-Methylbutan-1-ol 0.143 0.388 -1.173 —0.024 —3.817 4.129
3-Methylbutan-1-ol 0.073 0.360 —1.273 0.090 —3.770 4.273
2-Methylbutan-2-ol 0.225 0.361 —1.180 0.473 —3.944 4.159
Pentan-2-ol 0.115 0.455 —1.331 0.206 —3.745 4.201
4-Methylpentan-2-ol 0.096 0.301 —1.100 0.039 —4.081 4.242
2-Ethylhexan-1-ol —0.033 0.566 —1.233 —0.068 —3.912 4.153
Cyclopentanol 0.332 0.522 —1.034 —0.106 —3.756 3.892
Benzyl alcohol —0.071 0.337 —0.323 —0.778 —3.548 3.938
Trifluoroethanol 0.395 —0.094 —0.594 —1.280 —-1.274 3.088
Ethylene glycol —0.270 0.578 —0.511 0.715 —2.619 2.729
1,2-Propanediol —0.149 0.754 —0.966 0.684 —3.134 3.247
2-Methoxyethanol 0.175 0.326 —0.140 0.000 —4.086 3.630
2-Ethoxyethanol 0.133 0.392 —0.419 0.125 —4.200 3.888
2-Propoxyethanol 0.053 0.419 —0.569 0.000 —4.327 4.095
2-Butoxyethanol —0.055 0.377 —0.607 —0.080 —4.371 4.234
2-Isopropoxyethanol 0.107 0.391 —0.525 0.071 —4.439 4.051
3-Methoxybutan-1-ol —0.094 0.400 —0.565 0.072 —4.240 4.149
1-tert-Butoxypropan-2-ol 0.172 0.436 —0.612 —0.044 —4.367 3.922
Diethylene glycol —0.096 0.580 —0.145 0.138 —3.718 3.072
Triethylene glycol —0.071 0.501 0.074 0.157 —3.957 3.106
Diethyl ether 0.330 0.401 —0.814 —0.457 —4.959 4.320
Diisopropyl ether 0.181 0.285 —0.954 —0.956 —5.077 4.542
Dibutyl ether 0.203 0.369 —0.954 —1.488 —5.426 4.508
Methyl tert-butyl ether 0.376 0.264 —0.788 —1.078 —5.030 4.410
Tetrahydrofuran 0.207 0.372 —0.392 —0.236 —4.934 4.447
Dioxane 0.098 0.350 —0.083 —0.556 —4.826 4.172
Methyl acetate 0.351 0.223 —0.150 —1.035 —4.527 3.972
Ethyl acetate 0.328 0.369 —0.446 —0.700 —4.904 4.150
Propyl acetate 0.288 0.363 —0.474 —0.784 —4.938 4.216
Isopropyl acetate 0.307 0.314 —0.481 —0.952 —4.779 4.159
Butyl acetate 0.248 0.356 —0.501 —0.867 —4.973 4.281
Pentyl acetate 0.182 0.261 —0.474 -1.017 —4.952 4.388
Methyl butyrate 0.238 0.368 —0.538 —1.031 —4.623 4.253

Dimethyl carbonate 0.114 0.109 —0.083 —1.405 —4.578 4.163
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Table 2. Cont.

Log (P CS,org/ CS,water) c3 es S3 as b3 U3
Diethyl carbonate 0.133 0.135 —0.309 —1.532 —4.816 4.398
Propylene carbonate 0.004 0.168 0.504 —1.283 —4.407 3.421
Propanone 0.313 0.312 —0.121 —0.608 —4.753 3.942
Butanone 0.276 0.296 —0.174 —-0.714 —4.868 4.138
Cyclopentanone —0.016 0.386 —0.201 —0.766 —4.454 4.321
Cyclohexanone 0.077 0.249 0.028 —0.891 —4.917 4.283
N,N-Dimethylformamide —0.305 —0.058 0.343 0.358 —4.865 4.486
N,N-Dimethylacetamide —-0.271 0.084 0.209 0.915 —5.003 4.557
N-Methylpyrolidinone 0.147 0.532 0.225 0.840 —4.794 4.374
Formamide —-0.171 0.070 0.308 0.589 -3.152 2.432
Acetonitrile 0.413 0.077 0.326 —1.566 —4.391 3.364
Propanenitrile 0.357 0.188 0.061 —1.515 —4.539 3.760
Butanenitrile 0.316 0.224 —0.065 —1.369 —4.608 3.944
Nitromethane 0.023 —0.091 0.793 —1.463 —4.364 3.460
Dimethyl sulfoxide —0.194 0.327 0.791 1.260 —4.540 3.361
Pyridine —0.046 0.298 0.000 0.558 —4.504 4.292
2-Pyrrolidone 0.000 0.378 0.465 1.220 —4.621 3.423
Aniline —0.157 0.322 0.000 —1.287 —3.519 3.842
Methoxybenzene 0.071 0.416 —0.317 —2.538 —4.479 4.278
Acetophenone 0.177 0.365 0.000 —1.537 —4.658 3.958
Acetic acid 0.175 0.174 —0.454 —1.073 —2.789 3.725
Tributyl phosphate 0.054 0.411 —0.474 0.252 —4.810 4.181
95 vol% Methanol P 0.270 0.278 —0.520 0.230 —3.368 3.365
90 vol% Methanol 0.258 0.250 —0.452 0.229 —3.206 3.175
80 vol% Methanol 0.172 0.197 —0.319 0.241 —2912 2.842
70 vol% Methanol 0.098 0.192 —0.260 0.266 —2.558 2474
60 vol% Methanol 0.053 0.207 —0.238 0.272 —2.157 2.073
50 vol% Methanol 0.023 0.223 —0.222 0.264 —1.747 1.662
40 vol% Methanol 0.020 0.222 —0.205 0.218 —1.329 1.257
30 vol% Methanol 0.016 0.187 —-0.172 0.165 —0.953 0.898
20 vol% Methanol 0.022 0.142 —0.138 0.088 —0.574 0.557
10 vol% Methanol 0.012 0.072 —0.081 0.026 —0.249 0.226
96 vol% Ethanol © 0.238 0.353 —0.833 0.297 —3.533 3.724
95 vol% Ethanol 0.239 0.328 —0.795 0.294 —3.514 3.697
90 vol% Ethanol 0.243 0.213 —0.575 0.262 —3.450 3.545
80 vol% Ethanol 0.172 0.175 —0.465 0.260 —3.212 3.323
70 vol% Ethanol —0.063 0.085 —0.368 0.311 —2.936 3.102
60 vol% Ethanol —0.040 0.138 —0.335 0.293 —2.675 2.812
50 vol% Ethanol —0.142 0.124 —0.252 0.251 —2.275 2415
40 vol% Ethanol —0.221 0.131 —0.159 0.171 —1.809 1.918
30 vol% Ethanol —0.269 0.107 —0.098 0.133 —1.316 1.414
20 vol% Ethanol —0.252 0.042 —0.040 0.096 —0.823 0.916
10 vol% Ethanol -0.173 —0.023 —0.001 0.065 —0.372 0.454

LOg (K or CS,org/CS,gas) Cyq ey Sq aa b4 14
Octanol (wet) —0.198 0.002 0.709 3.519 1.429 0.858
Dichloromethane 0.192 —0.572 1.492 0.460 0.847 0.965
Trichloromethane 0.157 —0.560 1.259 0.374 1.333 0.976
Tetrachloromethane 0.217 —0.435 0.554 0.000 0.000 1.069
1,2-Dichloroethane 0.017 —0.337 1.600 0.774 0.637 0.921
1-Chlorobutane 0.130 —0.581 1.114 0.724 0.000 1.016
Hexane 0.320 0.000 0.000 0.000 0.000 0.945
Heptane 0.284 0.000 0.000 0.000 0.000 0.950
Octane 0.219 0.000 0.000 0.000 0.000 0.960
Nonane 0.193 0.000 0.000 0.000 0.000 0.964
Decane 0.159 0.000 0.000 0.000 0.000 0.972
Undecane 0.113 0.000 0.000 0.000 0.000 0.971

Dodecane 0.017 0.000 0.000 0.000 0.000 0.989
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LOg (K or CS,org/CS,gas) Cyq ey Sq aa b4 14
Hexadecane 0.000 0.000 0.000 0.000 0.000 1.000
Cyclohexane 0.163 —0.110 0.000 0.000 0.000 1.013

Methylcyclohexane 0.318 —0.215 0.000 0.000 0.000 1.012
Isooctane 0.264 —0.230 0.000 0.000 0.000 0.975
Hexadec-1-ene —0.021 0.027 0.093 0.223 —0.119 0.976
Deca-1,9-diene —0.006 —0.098 —0.249 0.505 0.713 1.021
Air-to-water —1.271 0.822 2.743 3.904 4.814 —0.213
Benzene 0.107 —0.313 1.053 0.457 0.169 1.020
Toluene 0.085 —0.400 1.063 0.501 0.154 1.011
1,2-Dimethylbenzene 0.064 —0.296 0.934 0.647 0.000 1.010
1,3-Dimethylbenzene 0.071 —0.423 1.068 0.552 0.000 1.014
1,4-Dimethylbenzene 0.113 —0.302 0.826 0.651 0.000 1.011
Ethylbenzene 0.059 —0.295 0.924 0.573 0.098 1.010
Fluorobenzene 0.181 —0.621 1.432 0.647 0.000 0.986
Chlorobenzene 0.064 —0.399 1.151 0.313 0.171 1.032
Bromobenzene —0.064 —0.326 1.261 0.323 0.292 1.002
Iodobenzene —0.171 —0.192 1.197 0.245 0.245 1.002
Nitrobenzene —0.296 0.092 1.707 1.147 0.443 0.912
Benzonitrile —0.075 —0.341 1.798 2.030 0.291 0.880
Diethyl ether (wet) 0.206 —0.169 0.873 3.402 0.000 0.882
Dipropyl ether (wet) 0.065 —0.202 0.776 3.074 0.000 0.948
Diisopropyl ether (wet) 0.114 —0.032 0.685 3.108 0.000 0.941
Dibutyl ether (wet) 0.369 —0.216 0.026 2.626 —0.499 1.124
Ethyl acetate (wet) 0.130 0.031 1.202 3.199 0.463 0.828
Butyl acetate (wet) —0.664 0.061 1.671 3.373 0.824 0.832
PGDP ? (wet) 0.000 0.000 0.000 0.000 0.000 0.000
Olive oil —0.156 —0.254 0.859 1.656 0.000 0.873
Carbon disulfide 0.101 0.251 0.177 0.027 0.095 1.068
Methyl ethyl ketone (wet) —0.360 0.413 2.104 3.782 2.214 0.324
Methyl isobutyl ketone (wet) 0.244 0.183 0.987 3.418 0.323 0.854
o-Nitrophenyl octyl ether (wet) —0.104 0.290 1.333 1.306 0.967 0.759
Methanol —0.039 —0.338 1.317 3.826 1.396 0.773
Ethanol 0.017 —0.232 0.867 3.894 1.192 0.846
Propan-1-ol —0.042 —0.246 0.749 3.888 1.076 0.874
Butan-1-ol —0.004 —0.285 0.768 3.705 0.879 0.890
Pentan-1-ol —0.002 —0.161 0.535 3.778 0.960 0.900
Hexan-1-ol —0.014 —0.205 0.583 3.621 0.891 0.913
Heptan-1-ol —0.056 —0.216 0.554 3.596 0.803 0.933
Octan-1-ol —0.147 —0.214 0.561 3.507 0.749 0.943
Decan-1-o0l —0.139 —0.090 0.356 3.547 0.727 0.958
Propan-2-ol —0.048 —0.324 0.713 4.036 1.055 0.884
2-Methylpropan-1-ol —0.003 —0.357 0.699 3.595 1.247 0.881
Butan-2-ol —0.034 —0.387 0.719 3.736 1.088 0.905
2-Methylpropan-2-ol 0.053 —0.443 0.699 4.026 0.882 0.907
2-Methylbutan-1-ol —0.055 —0.348 0.601 3.565 0.996 0.925
3-Methylbutan-1-ol —0.052 —0.430 0.628 3.661 0.932 0.937
2-Methylbutan-2-ol 0.097 —0.375 0.653 3.975 0.875 0.914
Pentan-2-ol —0.031 —0.325 0.496 3.792 1.024 0.934
4-Methylpentan-2-ol —0.013 —0.606 0.687 3.622 0.436 0.985
2-Ethylhexan-1-ol —0.127 —0.339 0.551 3.397 0.722 0.963
Cyclopentanol —0.151 —0.314 0.693 3.549 0.914 0.956
Benzyl alcohol —0.305 —0.344 1.533 2.773 1.372 0.860
Trifluoroethanol —0.092 —0.547 1.339 2213 3.807 0.645
Ethylene glycol —0.887 0.132 1.657 4.457 2.355 0.565
1,2-Propanediol —0.607 0.239 1.008 4278 1.755 0.706
2-Methoxyethanol —0.141 —0.265 1.810 3.641 0.590 0.790
2-Ethoxyethanol —0.064 0.257 1.452 3.672 0.662 0.843
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LOg (K or CS,org/CS,gas) Cyq ey Sq aa b4 14
2-Propoxyethanol —0.091 —0.288 1.265 3.566 0.390 0.902
2-Butoxyethanol —0.109 —0.304 1.126 3.407 0.660 0.914
2-Isopropoxyethanol —0.045 —0.264 1.296 3.646 0.352 0.880
3-Methoxybutan-1-ol —0.252 —0.364 1.182 3.622 0.594 0.934
1-tert-Butoxypropan-2-ol —0.043 —0.343 1.197 3.525 0.216 0.904
Diethylene glycol —0.496 0.167 1.961 3.831 1.057 0.617
Triethylene glycol —0.469 0.235 2.079 3.824 0.775 0.626
Diethyl ether 0.288 —0.347 0.775 2.985 0.000 0.973
Diisopropyl ether 0.139 —0.473 0.610 2.568 0.000 1.016
Dibutyl ether 0.165 —0.421 0.760 2.102 —0.664 1.002
Methyl tert-butyl ether 0.278 —0.489 0.801 2.495 0.000 0.993
Tetrahydrofuran 0.189 —0.347 1.238 3.289 0.000 0.982
Dioxane —0.034 —0.354 1.674 3.021 0.000 0.919
Methyl acetate 0.134 —0.477 1.749 2.678 0.000 0.876
Ethyl acetate 0.182 —0.352 1.316 2.891 0.000 0.916
Propyl acetate 0.165 —0.383 1.264 2.757 0.000 0.935
Isopropyl acetate 0.233 —0.495 1.324 2.550 0.000 0.928
Butyl acetate 0.147 —0.414 1.212 2.623 0.000 0.954
Pentyl acetate 0.154 —0.424 1.172 2.506 0.000 0.962
Methyl butyrate 0.201 —0.502 1.290 2.469 0.000 0.958
Dimethyl carbonate 0.000 —0.616 1.905 2123 0.000 0.892 4
Diethyl carbonate 0.092 —0.598 1.527 1.942 0.000 0.948
Propylene carbonate —0.356 —0.413 2.587 2.207 0.455 0.719
Propanone 0.127 —0.387 1.733 3.060 0.000 0.866
Butanone 0.124 —0.429 1.601 2.843 0.000 0.916
Cyclopentanone —0.072 —-0.414 1.678 2.843 0.000 0.954
Cyclohexanone —0.052 —0.445 1.716 2.758 0.000 0.948
N,N-Dimethylformamide —0.391 —0.869 2.107 3.774 0.000 1.011
N,N-Dimethylacetamide —0.308 —0.736 1.802 4.361 0.000 1.028
N-Methylpyrrolidinone —0.128 —0.029 2.217 4.429 0.000 0.777
Formamide —0.800 0.310 2.292 4.130 1.933 0.442
Acetonitrile —0.007 —0.595 2.461 2.085 0.418 0.738
Propanenitrile 0.101 —0.433 1.981 2.509 0.399 0.801
Butanenitrile 0.154 —0.262 1.694 2.214 0.349 0.834
Nitromethane —0.340 —0.297 2.689 2.193 0.514 0.728
Dimethyl sulfoxide —0.556 —0.223 2.903 5.037 0.000 0.719
Pyridine —0.129 —0.571 1.963 4.486 0.000 0.948
2-Pyrrolidone —0.490 0.087 2.275 4.997 0.262 0.771
Aniline —0.394 —0.362 1.895 2.421 1.334 0.842
Methoxybenzene —0.054 —0.376 1.558 1.280 0.000 0.957
Acetophenone —0.062 —0.178 1.677 2.167 0.340 0.863
Acetic acid —0.070 —0.366 1.300 2.736 2117 0.796
Tributyl phosphate —0.036 —0.285 1.385 3.735 0.000 0.899
95 vol% Methanol P 0.013 —0.300 1.517 3.811 1.463 0.706
90 vol% Methanol —0.050 —0.200 1.615 3.827 1.637 0.647
80 vol% Methanol —0.238 —0.086 1.790 3.895 1.931 0.554
70 vol% Methanol —0.378 0.040 1.941 3.943 2.365 0.440
60 vol% Methanol —0.530 0.149 2.081 3.995 2.778 0.330
50 vol% Methanol —0.694 0.236 2.226 4.051 3.157 0.224
40 vol% Methanol —0.811 0.311 2.370 4.053 3.575 0.117
30 vol% Methanol —0.927 0.338 2431 4.047 3.869 0.053
20 vol% Methanol —1.035 0.389 2.655 4.004 4.291 —0.064
10 vol% Methanol -1.107 0.500 2.722 3.974 4.658 —0.151
96 vol% Ethanol ¢ —0.032 —0.181 0.980 3.940 1.379 0.802
95 vol% Ethanol —0.040 —0.200 1.024 3.950 1.400 0.795
90 vol% Ethanol —0.084 —0.280 1.180 3.959 1.474 0.757
80 vol% Ethanol —0.253 —0.278 1.400 4.000 1.775 0.715

70 vol% Ethanol —0.438 —0.255 1.548 4.040 2.074 0.659
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LOg (K or CS,org/CS,gas) Cyq ey Sq aa b4 14
60 vol% Ethanol —0.631 —0.186 1.646 4.054 2.355 0.584
50 vol% Ethanol —0.851 —0.063 1.806 4.050 2.745 0.479
40 vol% Ethanol —1.074 0.075 2.076 4.020 3.196 0.347
30 vol% Ethanol —1.258 0.194 2.300 4.000 3.713 0.206
20 vol% Ethanol —1.364 0.383 2.385 3.950 4.280 0.065
10 vol% Ethanol —1.447 0.446 2.536 3.905 4.750 —0.052

2 PGDP is propylene glycol dipelarginate. b Binary aqueous-methanol solvent mixtures. ¢ Binary aqueous-ethanol
solvent mixtures. 4 There is a typographical error of the I4 equation coefficient given in Strickland et al. [30] for
dimethyl carbonate. The numerical value be 0.892.

Once the Abraham model equations have been constructed, they are solved simul-
taneously for the optimal set of solute descriptors that minimizes the summed squared
deviation between the experimental data and values back-calculated based on the com-
puted solute descriptors. In the current study we have 26 equations counting the two
gas-to-water equations in Table 2 to use in calculating the six solute descriptors (E, S, A, B, V, and L),
as well as the values of log Cs organic and log Cs gas needed to calculate the solubility ratios.
The log K value for “wet” 1-octanol is calculated as:

10g K= log P+ 10g CS,water - log CS,gas (©)

Fortunately, the excess molar refraction and McGowan volume solute descriptors
can be calculated solely based on molecular structure considerations. The numerical
value of E solute descriptor can be obtained using either the UFZ-LSER or PharmaAlgo-
rithm software [31]. Both software programs estimate E by fragmenting the molecule into
functional groups. The characteristic McGowan volume, V, can be computed from the
molecular structure, atomic sizes, and number of bonds as described in an earlier paper
by Abraham and McGowan [32]. The values of V and E that we calculate are V = 1.8615
and E = 2.340 for 4,5-dihydroxyanthraquinone-2-carboxylic acid. Simultaneous solution
of the 14 Abraham model equations for 4,5-dihydroxyanthraquinone-2-carboxylic acid
gave numerical values of S =2.195, A = 0.755, B = 0.596, L = 11.073, log Cs water = —7.767
and log Cg gas = —17.865, with an overall standard error being SE = 0.148 log units. The
very small, calculated A solute descriptor is comparable to experimental-based values
for substituted-benzoic acids, thus suggesting the formation of intramolecular H-bonds
involving both phenolic hydrogens as depicted in Figure 2. Intramolecular hydrogen-bond
formation is further supported by experimental NMR chemical shift data [21,33-35] for 5,2’-
dihydroxyflavone, 5,3'-dihydroxyflavone, 5-hydroxyflavone, 5,4'-dihydroxyflavone, 5,4'-
dihydroxy-7-methoxyflavone, 5-hydroxy-1,4-naphthenedione, and 5-hydroxy-2-methyl-
1,4-naphthenedione, which have -OH and >C=0 functional group arrangements very
similar to that in 4,5-dihydroxyanthraquinone-2-carboxylic acid. The molar structures of
the fore-mentioned compounds are depicted in Figure 3. Existing group contribution and
machine learning provide poor estimates of the experimental-based solute descriptors 4,5-
dihydroxyanthraquinone-2-carboxylic acid. The poor estimated values likely result from
not accounting for the likely intramolecular hydrogen-bonding within the solute molecule.
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Figure 3. Molecular structures of 5,2'-dihydroxyflavone (A), 5,3'-dihydroxyflavone (B), 5-
hydroxyflavone (C), 5,4’-dihydroxyflavone (D), 5,4'-dihydroxy-7-methoxyflavone, 5-hydroxy-1,4-
naphthenedione (E), and 5-hydroxy-2-methyl-1,4-naphthenedione (F) which have -OH and >C=0
functional group arrangements very similar to that in 4,5-dihydroxyanthraquinone-2-carboxylic acid.

3. Solubility Predictions in Additional Organic Mono-Solvents

The driving force behind many of the published experimental solubility studies is to
assist process design engineers in identifying suitable organic mono-solvents and solvent
mixtures for use in chemical purification through recrystallization. It is not possible to
identify all potential suitable solvent candidates as measurements are performed on only
limited number of solvents. What one must do is to use the knowledge gained from the
limited experimental measurements to estimate the compound’s solubility in additional
organic mono-solvents and solvent mixtures. This requires that the measured solubility
data be analyzed using a model, such as the Abraham solvation parameter model, that is
capable of making further predictions.

We illustrate in this communication the predictive nature of the Abraham model by
estimating solubility of 4,5-dihydroxyanthraquinone-2-carboxylic acid in an additional
28 organic mono-solvents. Theoretically, one can make predictions in the more than 130
different organic mono-solvents and binary aqueous-organic solvent mixtures for which
Abraham model correlations have been developed. Table 2 provides the equation coeffi-
cients needed for such predictions. The nature of 4,5-dihydroxyanthraquinone-2-carboxylic
acid will limit our illustrative predictions to those solvents in which dimerization is not
likely to occur. The solute descriptors that were calculated in the preceding section per-
tain to the monomeric form of the solute. The solute descriptors of the dimeric form are
completely different, and could be perhaps calculated from the compound’s solubility in
nonpolar organic solvents as was done previously for the trans-cinnamic acid molecule [36].
Moreover, the measured solubility in nonpolar solvents may include contributions from
both the monomeric and dimeric forms of the carboxylic acid. We give in Table 3 the pre-
dicted solubilities of 4,5-dihydroxyanthraquinone-2-carboxylic acid based on Equation (3),
Equation (4) and the solute descriptors obtained in the preceding section for several alco-
holic, alkanenitrile, alkyl acetate, dialkyl carbonate, and alkoxyalcohol solvents for which
dimerization is expected to be minimal. Numerical values log Cs \ater = —7.767 and log
Cs,gas = —17.865 were used to convert the predicted molar solubility ratios to the molar
solubility in each of the listed organic mono-solvents. Also included in Table 3 are the
back-calculated molar solubilities for those organic mono-solvents used in calculating the
solute descriptor values.
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Table 3. Prediction of the logarithm of the molar solubilities of 4,5-dihydroxyanthraquinone-2-
carboxylic acid in various organic solvents at 298 K based on the Abraham solvation parameter model.

Organic Solvent Log Cs,organic; Equation (3) Log Cs,organic; Equation (4)
Methanol —3.466 —3.522
Ethanol —3.433 —3.468
Propan-1-ol —3.578 —3.582
Butan-1-ol —3.673 —3.672
Pentan-1-ol —3.668 —3.677
Hexan-1-ol —3.697 -3.702
Heptan-1-ol —3.685 —3.684
Octan-1-ol —3.640 —3.743
Decan-1-ol -3.770 -3.712
Propan-2-ol —3.633 —3.639
2-Methylpropan-1-ol —3.920 —3.954
Butan-2-ol —-3.727 —3.734
2-Methylpropan-2-ol -3.771 —3.704
2-Methylbutan-2-ol —3.516 —3.513
3-Methylbutan-1-ol —3.871 —3.848
4-Methylpentan-2-ol —3.964 —3.987
Pentan-2-ol —3.766 —3.750
2-Ethylhexan-1-ol —-3.983 -3.916
Cyclopentanol —3.558 —3.418
1,2-Propylene glycol —3.580 —3.604
Ethylene glycol —3.748 -3.779
2-Methoxyethanol —2.816 —2.803
2-Ethoxyethanol —2.809 —2.840
2-Propoxyethanol —2.940 —2.939
2-Isopropoxyethanol —2.950 —2.975
2-Butoxyethanol —3.057 —3.126
Methyl acetate —3.311 —3.285
Ethyl acetate —3.282 -3.291
Propyl acetate —3.494 —3.476
Isopropyl acetate —3.608 —3.682
Butyl acetate —3.437 —3.481
Pentyl acetate —3.568 —3.585
Dimethyl carbonate —3.622 —3.644
Diethyl carbonate —3.839 —3.856
Acetone —2.945 —2.939
Butanone —2.924 —2.940
Acetonitrile —3.998 —3.867
Propanenitrile —3.688 —3.766

Butanenitrile —3.510 —3.490
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4. Concluding Remarks

Abraham model solute descriptors are calculated for 4,5-dihydroxyanthraquinone-2-
carboxylic acid based on published solubility data retrieved from the published chemical
literature [23,24]. The numerical values obtained from our analysis, E = 2.340; S = 2.195;
A =0.755; B = 0.596; V = 1.8615; and L = 11.073, are found to differ significantly from
estimated values based upon published group contribution and machine methods. The
very small, calculated A solute descriptor is comparable to experimental-based values
for substituted-benzoic acids, thus suggesting the formation of intramolecular H-bonds
between both phenolic hydrogens and the lone electron pairs of the quinone oxygen atom
as depicted in Figure 2. The poor estimated values likely result from not accounting for the
likely intramolecular hydrogen-bonding within the solute molecule. The predictive nature
of the Abraham solvation parameter model is illustrated by using the experimental-based
solute descriptors to predict the solubility of 4,5-dihydroxyanthraquinone-2-carboxylic acid
in 28 additional alcoholic, alkanenitrile, alkyl acetate, dialkyl carbonate, and alkoxyalcohol
solvents for which dimerization is expected to be minimal.

Intramolecular hydrogen-bonding does not prevent 4,5-dihydroxyanthraquinone-2-
carboxylic acid from serving as a H-bond acceptor. Our predictive computations show
that the positive coefficients on the a4 - A and by - B terms of Equation (4) will facilitate the
dissolution if the solute engages in intermolecular H-bond formation with surrounding
solvent molecules, as would be expected for all of the solvents listed in Table 3. The
enthalpy and Gibbs energy contributions of H-bond formation can be estimated through
Equation (2) and through:

AGH.pond = — RT (a4 - A + by - B) ()

where R and T denote the universal gas constant and solution temperature, respectively. In
the case of 4,5-dihydroxyanthraquinone-2-carboxylic acid, it is doubtful if AHypong could
be determined by experimental calorimetric measurements. The solubility of the crystalline
compound in organic solvents is very small and would not be amenable to direct solution
calorimetric measurements.
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