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As part of our general QSPR treatment of solubility (started in the preceding paper), we now present
guantitative relationships between solvent structures and the solvation free energies of individual solutes.
Solvation free energies of 80 diverse organic solutes are each modeled in a range from 15 to 82 solvents
using our CODESSA PRO software. Significant correlations (in terms of squared correlation coefficient)
are found for all the 80 solutes: the best fit is obtained rfgaropylamine R? = 0.996); the lowes&?
corresponds to toluene (0.604).

INTRODUCTION is then determined only by the structural characteristics of

The structures of both solute and solvent determine the € SOIUtes. o B
interactions relevant to the solubility process. Consequently, Most quantitative treatments of solubility have expressed
a quantitative treatment of solutsolvent interactions may  the structural properties of solutes in a series for a single

be expressed through a general formula as follows solvent!? Our earlier work on gas solubilities in watém
methanol, and in ethanéland the previous paper in the
P =C.+SC.D.._ - + present seriesall describe studies in this direction. Quantita-
souuamy™= Co " 3 Coler-sovenDer-soe tive treatment of solubility addressed by varying the structure
zCdisdeisp—soluen(Ddisp—solute+ of the solvent is less common. We now overview available

ZCcayDcav_SoluechaU_Solute+ ZCHBDHB—SOIUemDHB—squte publications for series of solubilities in which the solute is
kept constant.

where (i) Co, Cel, Cuisp. Ccary andCyg are the intercept and For these series, two experimentally based methods have
the general coefficients for the electrostatic interaction, been used to correlate and predict solubilitielinear
dispersion interaction, cavity formation, and sotuselvent solvation energy relationshipgLSER) andmobile order
hydrogen bonding terms, respectively; (idyaisp/carHs—solent theory (MOT). The LSER method is based on multilinear
are appropriate descriptors describing the properties ofregression (MLR) analysis of the solubilities of solutes in
solvents; and (iiiDeydispicams—solute@re descriptors reflecting  different solvents and has gained increasing attention during
the properties of solutes. The summations indicate that eachthe past decades. The method was originally developed by
term can include more than one descriptor accounting for Kamlet and Taft” and further refined and applied by
the same type of interaction. In a series for which the solute Abraham and co-worketsvho have applied it to numerous

is constant, the solute descriptors can be combined into thesolutes. These studies include the solubilities of anthratene,
corresponding coefficients, thus the solubility relationship phenanthren, trans-stilbene'® hexachlorobenzerfe fer-
depends solely on the structural features of the solvent.rocenel! fullerene Go,2 diuront3 and monuror® The LSER
Conversely, when dealing with the solubility of different MLR model utilizes several characteristics that account for
solutes in a single solvent, the solvent descriptors can bethe solvent/solute polarizability, dipolarity, volume, hydrogen
combined into the corresponding coefficients, and solubility bond acidity, and hydrogen bond basicity. The strength of
the approach relies on combining all these characteristics
into a single model, thus providing a solid basis to discuss
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these are often unavailable or incomplete when working with ~ Studies of the solubility of ferrocene (based on LSER

diverse compounds within large databases. methodology) resulted in a 1.6% average error for logarith-
The MOT approact has been used extensively by Acree mic Ostwald solubility coefficients for 19 solverits.A

and co-workers to predict mole fraction solubilities of various comprehensive experimental study of ferrocene solubilities

solutes in nonelectrolyte solvents. The solutes studied includeperformed by Acree and co-workétorrelated ferrocene

anthracené$ phenanthrengpyrenel® acenaphtheng, fluo- solubilities in 42 organic solvents using MOT with an
ranthené? trans-stilbene!®20 benzil?! thianthrene? thiox- average absolute deviation of 3.7%.
anthen-9-oné diphenyl sulfoné* hexachlorobenzerfeer- Solubilities of the pesticided\N'N'-dimethylN-(3,4-di-

rocene?® 4-nitroaniline and 4-nitrdN,N-dimethylaniline?® chlorophenyl)urea (diuron) and N'-dimethylN-(4-chloro-
and diurod” and monurorf® The MOT is based on a phenyl)urea (monuron) were also investigated by Abraham,
thermodynamic treatment of the liquid state that includes Acree, and co-workers:?":28A prediction based upon MOT
terms for describing the effects that solus®olvent, solvent for the solubility of diuron in 28 nonalcoholic solvents
solvent, and solutesolute interactions have on the chemical provided reasonable estimates with an average absolute
potential of the dissolved solute. MOT assumes that hydrogen-deviation of 2.3%. The same authéfsysing the LSER
bonded aggregates are formed temporarily without a distin- solvation equation, correlated the solubilities of diuron in
guishable thermodynamic identity. Partners of hydrogen 22 solvents with an average percentage error of 1.1%. For
bonds are not preserved with time but rather change monuron solubilities in 25 solvents, the error was 1.1%; the
continuously. Such treatment leads to an equilibrium con- corresponding result using MOT for 21 solvents was
sideration involving the fractions of time during which an 2.4%28
amphiphilic proton belongs respectively to a bonded and As already mentioned, MOT methodology has been used
nonbonded state. This differs from the more conventional extensively in the prediction of solubility. The solubility of
thermodynamic approaches that treat equilibrium in terms pyrene was predicted with a 2.4% average absolute deviation
of discrete chemical species. Depending upon the functionalfor a set of 30 organic solvent&!® For acenaphthene in 29
groups present on the solute and solvent molecules, the MOTsolvents, the average absolute deviation between the pre-
predictive expression may contain up to six terms and requiredicted and observed values of the logarithmic Ostwald
a priori knowledge of several input stability constants before coefficientd” was 1.8%. An average error of 2.2% was found
a prediction can be made. for fluoranthene solubilities in 42 organic solvents, providing
The solubility of anthracene and other polyacenes in acetonitrile (a strong outlier) was omittéd.For 1,2-
different solvents was the subject of several stifdfes diphenylethane-1,2-dione (benzil), the discrepancy between
including extensive experimental and theoretical work by experimental and MOT predicted solubility values for 30
Acree and co-workers (see ref 14 and references herein).solvents is 1.8% of the average absolute deviatiohhe
Recently, Acree and Abrahd&meported a theoretical study  solubility of thianthrene was correlated in 20 organic solvents
on the solubility of anthracene, phenathrene, and hexachlo-with an average absolute deviation of 2.3%@he situation
robenzene using LSER, MOT, and the UNIFAC group with thioxanthen-9-one is akin to that of the case of
contribution approach. LSER five-parameter general solubil- thianthrene discussed above. Acree et®atletermined
ity equations for the solubility of anthracene (in terms of experimental solubilities of thioxanthen-9-one in 35 different
Ostwald solubility coefficients in logarithmic units) in 29 organic solvents and correlated 26 of them by MOT with an
solvents gave average absolute deviations of 1.7% for theerror of 4.3%.
equation relating partition coefficients between water and  Abraham et al. analyzed the solubility of fullerene in 20
organic solvent (lod®) and 1.07% for partition coefficients  solvents and applied an LSER equatfiavith an average
between the gas phase and a given solvent IlogVhen absolute deviation of 1.49.
the MOT equations were applied, the prediction results had The application of purely theoretical molecular descriptors
an average percentage error of 3.2%. Two versions of thehas seldom been used in studies of solubility series with the
UNIFAC model resulted in predictions with 2.4 and 1.8% solute constant but has found application in a study of the
errors. The solubility of phenathrene was predicted with solubility of fullerenes. Sivaraman et &lused only topo-
accuracy similar to that for anthracérgy applying LSER logical and constitutional descriptors in modeling the solubil-
equations to derive two correlations for its solubility in 23 ity of fullerene. Although the predictions for the relatively
solvents with average absolute deviations of 1.2% and 2.0%small subsets are good, their treatment utilizes (i) valence
for logP and lod., respectively. The respective MOT connectivity indices of different orders which are highly
application to phenathrene results in a 2.04% prediction error.intercorrelated and (ii) an indicator variable containing
The solubility of hexachlorobenzene was studied in a range several hidden parameters. Jurs and co-wofkéeve also
of 20 different solvents applying both a LSER equation and predicted fullerene solubility using MLR and feed-forward
MOT.® The former method provided the better results, with computational neural networks (CNN). Their final CNN
the average absolute deviation of 1.9% of the Ostwald architecture 9-3-1 resulted in a model that consisted of
solubility coefficient logarithmic scale. topological, geometric, and electronic descriptors, which
Extended studies dfansstilbene solubilities in a range  tends to agree with basic solvation principles. Their model
of organic solvents conducted by Abraham, Acree, and co- has root-mean-square errors of 0.255, 0.253, and 0.346 log
workerg®192%resulted in good predictions in 17 nonaqueous solubility units for the training, cross-validation, and external
solvents with the average absolute deviation of 1!2&ore prediction set, respectively.
recently, Acree et & applied the MOT and reported a small In a very recent publication, Shang effalised ab initio
average percentage error (0.9%) ti@ns-stilbene solubilities guantum chemical calculations to collect a set of theoretical
in 34 organic solvents. descriptors for 78 pure solvents. Following this, correlations
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Table 1. Solutes and Corresponding Statistics for QSPR Models in a Series of Sélvents

KATRITZKY ET AL.

no. nameofthesolute R R, & F n N no. name of the solute R R, < F n N

Hydrocarbons: Aliphatic
1 n-pentane 0.881 0.839 0.019 37 31 5 10 2,5-dimethylhexane 0.923 0.858 0.020 55 29 5
2 n-hexane 0.870 0.806 0.031 36 33 5 11 ethylcyclohexane 0.946 0.921 0.015 85 30 5
3 cyclohexane 0.912 0.867 0.018 58 34 5 12 n-nonane 0.881 0.804 0.042 34 29 5
4  2-methylpentane 0.912 0.855 0.014 50 30 5 13 1-hexene 0.864 0.760 0.026 23 15 3
5 n-heptane 0.883 0.826 0.034 42 34 5 14 isoprene 0.928 0.864 0.005 47 15 3
6 2,4-dimethylpentane  0.909 0.839 0.018 46 29 5 15 dichloromethane 0.826 0.680 0.021 22 29 5
7  methylcyclohexane 0.925 0.889 0.016 52 22 4 16 chloroform 0.777 0.549 0.047 17 30 5
8 n-octane 0.884 0.841 0.037 41 33 5 17 carbon tetrachloride 0.855 0.784 0.010 28 24 4
9 2,3,/4-trimethylpentane 0.942 0.905 0.014 75 29 5 18 1,2-dichloroethane 0.820 0.656 0.026 25 14 2

Hydrocarbons: Aromatic
19 benzene 0.773 0.677 0.011 17 31 5 30 transstilbene 0.936 0.909 0.018 134 52 5
20 toluene 0.604 0.355 0.025 9 43 6 31 benziP 0.911 0.857 0.030 63 37 5
21 ethylbenzene 0.876 0.818 0.014 28 16 3 32 thianthrene 0.926 0.849 0.004 72 28 4
22 o-cresol 0.956 0.905 0.017 94 17 3 33 thioxanthen-9-one 0.943 0.920 0.010 123 35 4
23 p-cresol 0.955 0.906 0.021 85 16 3 34 diphenylsulfone 0.977 0.966 0.014 294 40 5
24 naphthalene 0.901 0.838 0.008 37 16 3 35 chlorobenzene 0.734 0.533 0.015 10 20 4
25 anthracene 0.823 0.782 0.045 70 82 5 36 hexachlorobenzene 0.898 0.866 0.014 67 44 5
26 phenanthrene 0.916 0.868 0.026 96 50 5 37 4-nitropyridineN-oxide 0.960 0.863 0.047 190 37 4
27 pyrene 0.852 0.808 0.042 77 73 5 38 methyl 4-hydroxybenzoate 0.923 0.863 0.022 44 15 3
28 acenaphthene 0.913 0.869 0.009 80 44 5 39 ferrocene 0.941 0.917 0.006 160 45 4
29 fluoranthene 0.908 0.849 0.031 83 48 5 40 fullerene 0.929 0.911 0.112 136 58 5

Alcohols
41 methanol 0.917 0.881 0.076 72 41 5 47 1-hexanol 0.906 0.862 0.033 39 26 5
42 ethanol 0.926 0.910 0.044 96 45 5 48 1-heptanol 0.976 0.958 0.007 200 19 3
43 1-propanol 0.927 0.891 0.038 79 37 5 49 2-methyl-1-propanol 0.976 0.961 0.014 152 15 3
44 2-propanol 0.894 0.816 0.061 34 21 4 50 2-methyl-2-propanol 0.960 0.930 0.026 95 16 3
45 1-butanol 0.925 0.881 0.036 69 34 5 51 phenol 0.972 0.946 0.012 161 18 3
46 1-pentanol 0.954 0.921 0.017 97 18 3
Organic Bases
52 ethylamine 0.974 0.912 0.005 152 16 3 57 A4-nitro-N,N-dimethylaniline 0.953 0.937 0.016 166 38 4
53 n-propylamine 0.996 0.993 0.0006 1013 15 3 58 monurork 0.973 0.963 0.034 259 42 5
54 n-butylamine 0.978 0.970 0.004 191 17 3 59 diuror? 0.951 0.933 0.065 167 49 5
55 aniline 0.956 0.927 0.032 81 20 4 60 piroxican? 0.749 0.567 0.368 13 22 4
56 4-nitroaniline 0.806 0.726 0.080 32 45 5
Organic Acids

61 benzoic acid 0.889 0.831 0.042 56 41 5 65 ibuprofer? 0.735 0.549 0.343 13 24 4
62 2-hydroxybenzoic acid 0.892 0.839 0.087 54 31 4 66 diclofenaé 0.765 0.579 0.264 15 23 4
63 4-hydroxybenzoic acid 0.936 0.862 0.094 77 32 5 67 haloperidot 0.934 0.815 0.078 61 17 3
64 4-aminobenzoic acid  0.921 0.864 0.190 55 24 4 68 paracetamdl 0.901 0.828 0.163 55 29 4

Dipolar Aprotic Species
69 methyl acetate 0.979 0.967 0.005 238 19 3 75 acetonitrile 0.935 0.870 0.047 48 22 5
70 ethyl acetate 0.947 0.924 0.010 103 35 5 76 acetone 0.951 0.926 0.012 117 36 5
71 propyl acetate 0.987 0.971 0.004 388 19 3 77 14-dioxane 0.946 0.909 0.010 95 33 5
72 butyl acetate 0.982 0.966 0.004 227 22 4 78 2-butanone 0.913 0.871 0.017 65 37 5
73 pentyl acetate 0.986 0.973 0.003 356 19 3 79 2-hexanone 0.993 0.990 0.001 515 15 3
74 methyl pentanoate 0.992 0.989 0.002 565 17 3 80 nitromethane 0.931 0.871 0.034 60 23 4

aR? — squared correlation coefficieri®,, — cross-validated squared correlation coefficisht; squared standard deviatidh— Fisher criterion,
n — number of points in data sty — number of descriptors in QSPR modelUPAC nomenclature: benzit 1,2-diphenyl-ethane-1,2-dione;
monuron— N'N'-dimethylN-(4-chlorophenyl)urea; diuror- N'N'-dimethyl-N-(3,4-dichlorophenyl) urea; piroxicam 4-hydroxy-2-methyN-(2-
pyridyl)-2H-1,2-benzothiazine-3-carboxamide 1,1-dioxide; ibuprofem-methyl-4-(2-methylpropyl)- benzeneacetic acid; diclofera@-(2,6-
dichloroanilino)phenylacetic acid; haloperidel 4-(4-hydroxy-4-chloro-4-phenylpiperidino)-‘4fluorobutyrophenone; paracetamel 4-hydroxy-
acetanilide N-(4-hydroxyphenyl)-acetamide.

were established for the solubilities of naphthalene, phenan-
threne, anthracene, biphenyl, acenaphthene, hexachloroben-
zene, benzyl, thioxanthene-9-one, diphenyl sulfone, and
diuron. The quality of models varies from 0.861 to 0.931 of
R? value.

DATA AND METHODOLOGY

The general arrangement of the solubility data has already
been described in detail in our preceding artfcleor the
current study, we selected 80 solutes, choosing only those
that have reliable solubility data for at least 15 solvents. The
In the present paper, we use the same database as in owolutes selected are listed in Table 1 along with the statistical
preceding paperbut now consider series in which the solute parameters of the corresponding QSPR models.
is constant, and thus the solubility variations are determined The computational methodology applied to the current
by the solvent structure. We apply the method of forward study coincides in general with that used in the preceding
selection of descriptor scales to form QSPR models and article® Molecular structures of the solvents were drawn and
analyze the descriptor content of the models from the point optimized in the same fashion, and a total of 890 theoretical
of view of solubility and solute solvent interactions. descriptors were calculated using CODESSA PRO software.
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Figure 1. Relative distribution of different types of descriptors
over all solutes.

The theoretical considerations of the interplay between
CODESSA descriptors and different components of solvation
free energy discussed in our preceding article are of
significant relevance to the current study.

RESULTS

The correlation results for all of the 80 solutes are listed

J. Chem. Inf. Comput. Sci., Vol. 43, No. 6, 20809

independent variables (descriptors) is given in the Discussion
section. The number of descriptors involved in each multi-

linear regression analysis is rather small, varying from 6 for

toluene to 2 for 1,2-dichloroethane. Analysis of the overall

frequency of the descriptors, with respect to all solutes, is
displayed in Figure 1 and with respect to particular solvent
groups in Figure 2.

Tables 3-13-80 of the Supporting Information is a
collection of all the numerical data for the experimental and
predicted solubilities of each of 80 solutes. Each of these
tables contains a unique in-house ID for each solvent, its
chemical name, experimental solubilities of the solute, and
predicted solubilities of this solute as well as original
literature references to each solubility value.

DISCUSSION

To compare our current results with those discussed in
our preceding paper devoted to the treatment of solvnts,
is appropriate to preface this discussion with a general view
of the descriptors that occurred in the QSPR equations for
solutes. Again, as in the case of solvents (part 1 of this series),
electrostatic descriptors contribute significantly to the QSPR
equations for solutes, Figure 1, but, in contrast to part 1, the
histogram also demonstrates a high rating of quantum
chemical descriptors and a relatively small contribution from

in Tables 1 and 2. Each entry of Table 1 provides the topological indices and hydrogen bond descriptors. Within
statistical characteristics of a QSPR model including the the current study, we relate the molecular structure of
chemical name of the solute the squared correlation coef-solvents to the partition characteristics of solutes, and thus
ficient (R?), the cross-validated squared correlation coefficient the solvents molecular features are of great importance. As

(R%v), the variance or squared standard deviatisi), Fisher
criterion value F), the number of experimental points in data
set f1), and the number of descriptors in QSPR mod&gJ)(
All the solutes are tentatively partitioned into six main
classes: (i) “aliphatic hydrocarbons” comprising 12 alkanes,
2 alkenes, and 4 chloroalkanes; (ii) “aromatic hydrocarbons”,
22, including one chlorocompound; (iii) “saturated alcohols”,
11, including phenol; (iv) “organic bases”, 9; (v) “organic
acids”, 8; (vi) “dipolar aprotic species”, 12, including 6 esters,
3 ketones, 1 nitrile, 1 nitro compound, and dioxane.

Table 2 displays the quantitativetructure activity rela-
tionship equations deduced for all the 80 solutes. The
equations are written in a linear notation; the key to the

0.50

the solvent is to be considered as the bulk medium, the shape
and volume characteristics of individual molecules are less
important. In the case of the solute molecular structures
studied in part 1 of the present series of papers, the
contribution of topological and geometrical descriptors is
higher because the solutes 3D characteristics are crucial to
the formation of cavities in the bulk solvent. For the solvents
studied in the present paper, the most important contributions
come from the electrostatic and dispersion forces, which are
adequately reflected by various quantum chemical descrip-
tors.

In general, the statistical quality of the QSPR models for
the solutes appear to be slightly inferior to those for the
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Figure 2. Relative distribution of different types of descriptors over particular solute groups.
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Table 2. QSPR Models for Solubility of 80 Solutes in a Series of Solvents

no. QSPR model

Hydrocarbons: Aliphatic

1 logL = — 10.531-1.978FPSA? — 17110 + 2.491AEL2{H — C) — 0.068HDCA + 0.003PNSA)
2 logL = — 18.777-2.198"FPSA2) — 0. 8361nmeatx+ 8.14P}" + 0.002PNSA) _
3 logL = — 5.498-1.578“FPSA? + 1.18FNSA?) — 0. 4811:;;* — 4.95(FHBCA+ 1.67AENNH — C)
4 logL = — 21.632-2.974/MW — 0.55@12* + 2.280/7" + 4.238AEIZ(H — C) — 0.016SIC
5 logL = — 2.748-0.0068"PSA2 — 0.07(RPCS+ 6. 9133’“'” 2.352DFPSA2) + 0.02PNSA)
6 log L = 0.971-3.283¢&/MW — 16.50P7% — 6.6502" + 2.876/" — 0.054y
7 log L = 5.986-1.878\°cceler/N,, — 0.04FNCS— 0.01DPSA? — 7.93FHDCA
8 log L = 1.360-0.9821e + 2.736FPSAY + 0.168N/NSAY — 19.700FHDCA + 26.32N2™
9 log L = — 3.533-3.823/MW — 18.376°0% — 7.0230" + 0.951T}" — 0.096%"
10 logL = 1.185-3.962:4MW — 18. 2523“‘5‘? —7.581g7" + 3.10V" — 0.099y
11 logL = 0.814-4.088/2/MW — 15.7947% — 0.03HBCA+ 4.183/4 — 0.80FPSA?
12 logL = 4.447-0.05(RPCS— 0.06 RNCS+ 13.96 FENSA? + 1.50RPCG+ 20.26NZ™
13 logL = — 33.715-2.449FPSA2) + 37.940PT% + 0.09WWNSA
14 logL = — 5.452-2.1252/MW + 0.920T}" + 1.4245
15 log L = 3.032-0.056« + 0.266P7% — 1.525"" — 0.006WNSAV — 1.79RPCG
16 log L = 3.086-1.07&RNCG— 0.65FNSAY — 0.47QAC,/Na + 0.70193%%+ 0.5520
17 log L = 4.584-0.736AC;/Na — 0.04RPCS— 0.206/7;, + 0.0020VNSA?
18 log L = 3.216-1.94RNCG— 0.0145;
Hydrocarbons: Aromatic _
19 logL = —1.242— 11.658"HDCA /s — 5.030*10°%*1/6y + 0.954EN: (H — C) — 0.001AS/Ns + 0.47FNSA?
20 logL = 11.336-0.003PPSAY — 51.783*HDCAR), . — 0. 3651;”;? 8.064°,m, + 12.97NT* + 0.0016°NSA?)
21 logL = —3.443+ 0.004PNSA) — 0.245'PCPSA) + 3.778ppe,
22 logL = 5.274-15.71FNSA® — 0.355) + 14.86 Fc
23 log L = 3.046-23.94FNSA? + 0.64/RPCG+ 1.3625,4Ryz
24 log L = 5.608+ 9.012j7* + 4.009" — 1.20NSA?) _
25 log L = 11.624— 1.939“HDSA, /rys2 + 0.035AH{/N, + 0.37EHOMO — 2. 2947 + 0.0068“PSA2)
26 log L = 10.521-83.121*HDCAT s, — O. 147AE;%“(A% + 1.163/MW — 0.364) — 2.67Q"
27 log L = —3.535-0.424E-UM0 — 9.036HASAws2 + 3.2501% — 40.32NZ™ — 0.95RNCG
28 log L = 9.303-2.12FFHBSA+ 0.07%™ — 0.222) + 0.25FHOM0 — 0, 038AHf°/NA
29 log L = 15.060— 0.36 UM — 0.876HASA /s + 0.033AHY/Na + 0.46EHOMO — 37, 75RI™
30 log L = 9.968-36.36 FHDCA — 0.18F UMC — 0.448) — 3.274(}" + 0.056HOMO
31 log L = 11.178— 0.25NE-A0 + 0.962IC + 7.58341" — 0.011S,, — 0.302*HDCA®
32 log L = 4.902-1.563ACIYNa — o.47mE;%“(A% + 5.55FPSA® + 2.176AEN(H — C)
33 logL = — 4.937-0.41FEx + 0.10EX"(H — C) + 0.012SIC+ 0.378
34 log L = 16.224+ 0. 048*°emeE‘e°‘ + 0.50Q5;, + 0.866E® — 2.670FPSA2 — 14.61Fc
35 logL = 15.894-5.789'°FPSA2) — 0. 41£ngH C) + 0.102 + 1.037AEqq(H — C) + 0.033SIC
36 logL = 4.452— 6.31FNSA? + 5.80( + 22.2831" + 33.704&
37 log L = 12.289— 0.002DPSAY — 0.108PNSAY + 0.33EHOMO
38 log L = 3.120— 0.04Gy" + 0.3281C + 10.91% + 0.0043,,
39 log L = 15.126— 0.141E-UM° — 30.959°FCPSA? — 0.12F]%(H — C) — 0.093
40 logL = 17.434+ 0.22IAHY/Na 4 0.52F; — 6.5174/MW + 1.304N°cceller/N, + 0.9231C
Alcohols ‘
41 log L = 2.017+ 1.262unys® + 1.7095 + 1.97CP7 + 20.61Q0" + 1.88&10rs;
42 log L = 3.146+ 1.096uj5,, + 1.7567 + 19.08157" + 1.4943 7% — 0.0029H; /N,
43 log L = 1.326+ 4.172; + 0.4324,,, + 2.350s + 1.226FNSAY + 0.246IC
44 log L = 2.931— 0.148NSAY — 0.313CIC + 1.185%%/MW - 0.022*1/
45 log L = 8.145+ 0.963, + 6.740 g — 0.125ASrans + 21.1037" — 36.35Nc
46 log L =2.379-118. 17ENSA + 28, 234 + 0.0071C,"
47 log L = 7.707+ 4.786)5" + 0.84145, + 48.146/Ns + 2. 13203 o+ 0.3014,
48 logL = 15.196— 11.90hy" + 40. 323¢/Na — 7.265x 10-*AH,/Na
49 logL =9.146+ 1. 1291}:’;&) 0.161ASransi + 3. 156
50 logL = 3.559+ 15.153)7% — 0.424CIC — 0.0012AH"/Nx
51 log L = 4.324-0.07PNSAY + 20.36 E¢ — 0.232)
Organic Bases
52 log L = 1.826+ 0.04:RPCS— 0.107FE-C + 2,561 //Na
53 log L = 1.894+ 0.03/RPCS+ 28.428¢/Na + 1.350CIC
54 log L = 2.395+ 81.00P1™ + 0.18% + 62.384¢/Na
55 log L = 21.751-22.136-NSA? + 25.47% + 0.106% — 0.178Tc™"
56 log L = 9.420-0.21AE; i — 0.607AES, + 20.03P) — 0.178D — 2.17 1MW
57 log L = 8.722-35.133"HDCA_/7ys2 — 0.377T2" + 0.04HACPSA?) + 10.62EL"
58 log L = 13.166+ 9.436° — 0.138y + 0.244HOMO-1 — 3 205-PSAD + 3.223)"
59 logL = 2.326+ 10.082 + 0.066E"(C) — 5.26F-NSA2 — 0.048D + 2.109'“FPSA?

60 log L = 12.009+ 1.533™ — 0.62ZE-WMO + 4,548/, — 84.108NT™
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Table 2 (Continued)

no. QSPR model
Organic Acids

61 logL = 10.367+ 0.066¢ — 6.462);" — 0.0151 + 6.08ZFNSA? — 0.22AE; v
62 logL = — 1.723+ 1.211}* — 1.67(RNCG+ 0.102'ACPSA? + 2.550p g
63 log L =1.057— 0.017PNSAD — 1.345"" + 3.429 %+ 0.307% + 80.453c
64 log L = 5.405-1.12WNSA) — 0.043CIC — 2.41RNCG— 4.945PFPSA?
65 log L = 4.759+ 1.27Q) — 4.050"°FPSA2) — 0.031ASe + 0.12AEL
66 log L = 9.813+ 55.4447 4 1.9051* + 0.328EHOMO — 1.156"HDSA /rysi
67 log L = 29.474-0.971p7%  — 0.196PPSAY — 18.01P]"
68 log L = 8.568+ 1.574N"A + 1.26Q4,;, — 0.013N — 1.554°HBSA

Dipolar Aprotic Species
69 log L = 3.890-1.63FPSAY — 0.073y" + 7.64FPSAY _
70 log L = 2.931+ 0.005PNSAY — 0.006 PPSAY + 11.78AFCPSA? — 0.00128H: /N, + 0.2240%%
71 log L = 4.634-0.15F-UC + 0.04RPCS— 0.038\S
72 log L = 6.731-0.14F"Y° + 0.03RPCS— 0.006 PNSAY — 0.06 N Srans
73 log L = 3.408+ 50.9265/Ns + 1.962BIC + 0.1334"
74 log L = 2.925+ 2.122AC"/Na — 6.864"NSA? + 23.351 > _
75 log L = 35.846-5.55(RNCG+ 0.03PPSAY) — 0.18NE} 0 + 0.48IAC/Ns — 0.84EN"(H — C)
76 log L = 5.157+ 7.258)C" — 0.080\Syans + 0.287P1™% + 0.006(PNSAD — 2.80 %"
77 log L = 3.055+ 34.448; — 6.566-NSA? — 0.0021AH;"/Na + 0.042: , + 0.164/],
78 logL = 4.799+ 0.185ASo/Na — 2.5303" + 0.018RPCS— 0.0018\H;°/Na + 14.98NI*
79 logL = 3.912— 0.137E-UMO + 0.08&RPCS— 0.014D
80 log L = 29.191— 0.06« + 0.18%L;" , + 0.225P7% — 26.836°

solvents. This can be explained by the smaller quantity of a squared correlation coefficied®® = 0.884, while its
uniform experimental data available for constant solute seriesisomers 2,3,4-trimethylpentane, 2,5-dimethylhexane, and
and, as a consequence, the highly variable origin of the dataethylcyclohexane havie? values equal to 0.942, 0.923, and
generated. For instance, solubility data provided by water 0.946, respectively. Analysis of the variances also supports
solvent partition measurements as logarithms of the Ostwaldthis trend: 0.037 against 0.014, 0.020, and 0.015, respec-
solubility, by liquid—liquid chromatography in the form of tively. The descriptors selected for eqs14 do not allow a
infinite dilution activity coefficients, and by analytical uniform way of reasoning the solvating properties of different
chemistry methods in the form of molarities differ signifi- solvents with respect to alkane solutes. The most frequently
cantly and are not completely comparable. In the case of occurred descriptors are geometrical, electronic, and MO-
solvents, the situation is more favorable because the scatterederived ones, with the minor contribution from topological
pattern that results from nonuniform data is often compen- indices.
sated by extensively measured values. Chlorosubstituted alkanes demonstrate less encouraging
For the QSPR models deriveR? varies from 0.604 for  correlation results; this is probably due to the above-
toluene to 0.996 fon-propylamine. Twenty-one solutes (25% mentioned diversity of the original solubility data and the
overall) have QSPR models wifk? less than 0.9. However,  strongly nonlinear character of the intense polar interactions
variances or squared standard deviations vary in a morewithin the solvent media. The description of the possible
narrow range. Analysis of variances’, shows that the  nonlinear character of polar interactions with descriptors that
predictive ability of the models changes from excellent account for nonlinearity and application of methods (neutral
(0.0006) inn-propylamine to admissible (0.368) in piroxicam. networks, etc.) that also account for nonlinearities will be
Only 4 of 80 models have variances exceeding 0.4 kcal/ the subject of a future study.
mol, the generally accepted value of experimental uncer- Electrostatic factors are of primary importance in the
tainty 32 solubility of chlorocompounds. Each of eqs-188 contains
Only 15 of the 80 solutes treated were previously studied either atomic charges (net or relative) or polar surface area
theoretically by other authors: anthracene, phenanthrene descriptors. Among the more important quantum chemical
pyrene, acenaphthene, fluorantherensstilbene, benzil, descriptors, we mention the maximurm-sr bond orderP,—
thianthrene, thioxanthen-9-one, diphenyl sulfone, hexachlo- 7m, present in eq 15 for dichloromethane, and the highest
robenzene, ferrocene, fullerene, diuron, monuron, and 2-hy-vibrational frequency of the transition dipolef,, which
droxybenzoic acid, as discussed in the Introduction. The occurs in eq 17 for carbon tetrachloride. The MOPAC
present correlations are the first for the remaining 64 solutes. calculated heat capacity normalized by the number of atoms
For the further discussion the QSPR models are organizedin the molecule contributes negatively to the equation for
according to solvent class. Definitions and discussions of highly chlorinated species such as chloroform and carbon
the most pertinent descriptors are given throughout the text,tetrachloride, in eqs 16 and 17. Topological features of
and all are described fully in Table 4 of the Supporting chlorocompounds are of lesser importance in their charac-
Information. terization; the only topological index found is the Kier shape
Aliphatic Hydrocarbons and Chlorocompounds.As a  index of the second-ordefy, in eq 15.
general trend observed in Table 1, we note that the statistical Aromatic Hydrocarbons and Halogenated Aromatics.
quality of the QSPR models is higher for branched and cyclic The correlation results for aromatic and heteroaromatic
hydrocarbons than for normal alkanes. Thusctane shows  solutes range from modest for toluer® & 0.604;R%, =
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0.355) to excellent for diphenyl sulfonB{= 0.977;R?%, = and the minimum atomic orbital electronic population
0.966). Itis still difficult to account for all the driving forces  (ny'"") are also important in the description of dispersion
exerted on the solvation of aromatic compounds. This is forces and other weak solvation effects.

perhaps because of significant interplay of the different - nyibytions from cavity-forming and dispersion forces,
effects of conjugation, hyperconjugation, induction, polar \nich are also significant in alcohol solutions, are reflected

resonance, etc. Again, as in the case of aliphatic chlorocom-by a set of geometrical and topological descriptors such as

pounds, electrostat.ic descriptors play the major role. Partial the Balaban index (eq 51), the information topological indices
surface areas of different types are terms in almost all the 2C and 2CIC 43 44 and 50 d th ts of
QSPR equations corresponding to this class of compounds. an (egs 43, 44, an ), an € moments o

(eqs 19-40). Hydrogen bond descriptors are also important "eria along axes B or C (eqs 41, 43, 47, and 48).

in these equations. Descriptors of the HDCA type (hydrogen ~Organic Bases.The best correlations are obtained for
bond donor charged surface area) and HASA type (hydrogensimple aliphatic amines. Ethyla-propyl-, andn-butylamine
bond acceptor surface area) are present in egs 19, 20, anflaveR? = 0.974, 0.996, and 0.978, respectively. The variance
25-31. Evidently, a solvent’s hydrogen bonding ability is value forn-propylamine is extremely low at 0.0006. Aniline,
important in the solvation of aromatic and polynuclear the simplest aromatic amine, also has good statistical features,
aromatic hydrocarbons. Quantum chemical descriptors, cod-R? = 0.956 ands® = 0.032. For the twgpara-nitrocom-

ing the propensity of compounds to dispersion interaction, pounds, 4-nitroaniline and 4-nitf¥:N-dimethylaniline, the
such as the HOMORHMO) and LUMO E"YMO) energies correlation results are not so high, especially for 4-nitro-
and the HOMG-LUMO energy gap AE-A") appear in  aniline: R_2 = 0.806. The complex nature of the electronic
10 of 22 equations. In accordance with their physical charge distribution (driven by the pronounced resonance
meaning EHOMO bears the positive sign in all the equations, conjugation between the nitro and amino groups) combines
whereasELUMO pears the negative one, with thﬂfh%%% in 4—n|troan|I_|ne, with a possible implication for hydrogen
being always negative. bond formation and proton-transfer processes.

Aromatic chlorocompounds such as chlorobenzene and The solvation processes of the nitrogen bases appear to
hexachlorobenzene are described predominantly by electroPe dominated by electrostatic, dispersion, and hydrogen bond
static descriptors. Because of the marked tendency offorces encoded in descriptors presented in Table 2, lines 52
chlorobenzene to participate in dipeldipole interactions ~ 60. The dipole moment or its function, the image of the
(due to its rather high dipole moment), the solvent dipole Onsager-Kirkwood solvation energyMW), are terms in
moment appears in eq 35 with a positive contribution. eqs.5_4 and 56. Other electrostatic descriptors are the rglative

Alcohols. The general trend is an increase in statistical POSitive charged surface areRRCS, the partial atomic
characteristics ¢, 2 as the size of the alkyl radical charge on a carbon atongd"), the polar partial surface
increases. There are two exceptions: 1-hexaRoH0.906)  areas such a$NSA?Y, FPSAD, and CPSA?Y, and the
and 2-propanolR2 = 0.894). On the other hand, two other topographic electronic index over all atoms’ paif@{(®).
branched alcohols, 2-methyl-1-propanol and 2-methyl-2-  Dispersion forces can be related to the MO entities such
propanol, are characterized with rather high value®Rof as the LUMO energy (egs 52 and 60), the HOMO-1 energy,
0.976 and 0.960, respectively. Methanol as a solute showsthe HOMO-LUMO energy gap, and the maximum atomic
rather good results witl® = 0.917 ands® = 0.076. One  grpital electronic populationnf'®). As an illustration of
can observe a steady growth of the statistical parametershydrogen bonding descriptors we refer to tHeacceptor
through ethanol to 1-heptanol. The latter H¥s= 0.976 dependent HDCA-24HDCA®), the newH-donors charged
and a rather small variance of 0.007. The QSPR results for partial surface ared#4CPSA?), and the maximuro—x bond
phenol, classified with alcohols in this treatment, are rather grger, which can be loosely related to the basicity of the
promising (2 = 0.972 ands’ = 0.012) despite its increased  solvents under study. The bulk properties of the solvents are
acidity as compared to aliphatic alcohols. represented in eqs 556 and egs 5859 by the moments

The electrostatic interactions are represented in QSPRof inertia (along axes A and C), the Randic indices of order
models 4145, 47, and 4950 by the atomic charges and 2 and 3, and the Kier flexibility index.
dipole moments. The electrostatic descriptors used most  qanic Acids. Of the eight solutes with an acidic nature,
frequentl%/tare the hybridization component of the molecular ¢, are henzoic acid and substituted benzoic acids, one is a
dipole, sy, (6 of 11 models), and the minimum (or gerivative of phenylacetic acid (diclofenac), one is a deriva-
maximum) atomic charges on carbon atom and on a genericiye of benzeneacetic acid, and two are rather acidic
atom, ¢ and g,*, respectively. Another electrostatic hydroxyaromatic compounds (haloperidol and paracetamol).
descriptor, found in eqgs 4343 for the three simplest The QSPR models for ibuprofen and diclofenac are of poor
alcohols, is the polarity parameteP?j, a function of statistical quality R%, is equal to 0.549 and 0.579, respec-
atomic charges and the squared distance between the atomsively), probably because of the complex multifunctional
All the electrostatic descriptors in the models corresponding structure of these solutes; another relevant factor could be
to alcohols bring a positive contribution to the solubility. the small number of experimental data points used in the
This observation implies that, other things being equal, the modeling (24 and 23, respectively). A small data set is also
degree of transfer to the solvent phase from the gas phase ishe likely reason for the significant gap betwe®y, andR2
greater for high-polarity compounds. in the case of haloperidol: 0.934 vs. 0.815 with only 17 data

Frontier molecular orbital indices such as the average points. The best five-parameter model was obtained for
electrophilic reactivity index for carbon atom&d, the 4-hydroxybenzoic acidR? = 0.936; R%, = 0.862; & =
average nucleophilic reactivity index for carbon atoidg)( 0.094).
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The effects of the acidic nature on the solvation of the
solutes under discussion is apparently reflected in egs 61
68 by the participation of solvent electrostatic descriptors
such as the following: the dipole moment (3 of 8 models),
the partial and relative atomic charges ( and RNCG,
and the polar surface ared@NSA?, PNSAY, WNSA), and
PPSA?). Hydrogen bonding patterns, which are very im-
portant in the solvation of organic acids, are represented in
egs 62 and 6468 by the following hydrogen bond descrip-
tors: the newH-donor charged partial surface aréaqP-
SA?), the newH-donor fractional partial positive surface
area {°PFPSA?), theH-acceptor dependent HDSA-22HD-
SA?), the fractionaH-bonding surface area (HBSA/TMSA),
and the count of hydrogen acceptor sité#*q). Cavity-
forming and dispersion forces are coded by molecular
polarizability, the energy of the HOMO level and the gap
between the HOMO and LUMO, and a set of topological
indices such as the Balaban inddy the Wiener index\{),
and the second-order complementary information content
(eCIC).

Dipolar Aprotic Species. Twelve dipolar aprotic species
are represented by the following solvents, lines-80 of
Tables 1 and 2: 6 esters, 3 ketones, 1 nitrile, 1 nitrocom-
pound, and 1 six-membered ring ether. All of the solutes
are characterized by good to excellent statistical models. The
statistically highest correlation coefficients were shown for
2-hexanoneR? = 0.993;R%, = 0.990;s* = 0.001); lower
but convincing results were obtained for 2-butanoRe=¢
0.913;R%, = 0.871;> = 0.017). We note the low values of
the variance €, the squared standard deviation): just two
equations display large® values (0.047 and 0.034 for
acetonitrile and nitromethane, respectively).

The distribution of electronic charge, expressed in terms
of the partial positively or negatively charged surface area
and atomic charges, plays a key role in the solvation of
aprotic dipolar solutes. Ten of 12 QSPR models derived
include different partial surface areas such FRSAD,
FPSA®, PNSAY, PPSAY), and FNSA?. The superscripts
indicate the type of atomic charges used in weighting the
polar surface.areafé.Partial and relative atomic charges
(e da, da, go", RPCS andRNCG see Table 4 for
keys for descriptors) are found in 8 of 12 equations. The
dipole influence is accounted for by the point charge
component of the molecular dipole{) in egs 73, 77,
and 80. As for the solvent bulk properties, which exert
influence on the dipolar species phase distribution, the
entropic Kier-Hall valence connectivity index of order 2
(3¢"), the Kier—Hall flexibility index (®), the Kier shape
index of order 2, and the first-order average bonding
information content’8IC). In eq 73, the moment of inertia
along axis B is chosen as an additional cavity-formation term,
reflecting the complex geometry and the high flexibility of
pentyl acetate.

GENERAL CONCLUSIONS

A pool of approximately 800 descriptors was analyzed
using the heuristic method to give correlation equations for
80 solutes in a range of solvents. Sixty-four of the solutes
are studied by QSPR methodology for the first time. The
predictive quality of several equations suffers from a
significant degree of clustering in the data sets: for 40 of
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the solutes (lines 2,46, 10, 12-25, 29, 3132, 35, 37

38, 44, 52, 56, 6668, 75, and 80 in Table 1) differences
between theR? and R, values are higher than 0.05 R?
units. Most probably the data clustering is due to experi-
mental uncertainties of the measurements and the nonuniform
character of some particular data sets (e.g. many nonpolar
species and few polar alcohols or acids).

The descriptive quality of the equations is in good
agreement with our understanding of sotugelvent interac-
tions, as illustrated in this paper and in previous work. The
descriptors contained in the equations emphasize nonspecific
interactions between solute and solvent, which are driven
by the dipole-dipole interactions, hydrogen bond donor/
acceptor functionality, and bulk-related properties of solute
and solvent molecules. Thus, the descriptors reflect the
electronic charge distribution, surface area, and various other
structural properties of the compounds.
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