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A data set of 202 ketones was used to study a correlation of over 700 descriptors with
boiling point using a Quantitative Structure-Property Relationship (QSPR) technique.
The QSPR study was performed with the CODESSA (Comprehensive Descriptors for
Structural and Statistical Analysis) program. A large part of the descriptors used in the
study, was based on quantum-chemical calculations. A four parameter model with the
squared correlation coefficient R?=0.9907 and the Fisher ratio F = 5231 was obtained.
The final QSPR model includes one topological and three quantum-chemical descrip-
tors: Kier&Hall index (order 1), Total molecular two-center resonance energy divided by
the number of atoms, Maximum net atomic charge for a C atom (Gaussian NBO), and
Average valency of a C atom. The four-descriptor relationship can be recommended for
prediction of the boiling point of ketones.
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Knowledge of the physical properties of organic compounds is necessary for the
design, development and manufacture of products in which they are used. The
suitability of a particular compound for a given purpose depends on its physico-
chemical properties. The boiling point is one of the main physicochemical properties
used to characterize and identify compounds. It is predetermined by the intermo-
lecular interactions in the liquid and by the difference in the molecular internal
partition function in the gas and liquid phase at the boiling point. So, it depends
indirectly on the chemical structure of the interacting molecules and it is not
surprising that numerous methods have been developed for estimating the boiling
point of a compound from its structure [1]. One of the most widespread is the
Quantitative Structure-Property Relationship (QSPR) technique, which has been
successfully applied in physical, organic, analytical, pharmaceutical and medicinal
chemistry, biochemistry, chemical engineering and technology, toxicology and
environmental sciences for the past twenty years [2,3]. The wide application of the
QSPR is based on the possibility of estimating the properties of new chemical
compounds without the need to synthesize and test them. The assumption of the
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QSPR method is that a given property (physical, chemical and biological) correlates
with the molecular structure of an individual compound. In a numerical form the
chemical structure is represented by various theoretical descriptors, which reflect
simple molecular properties and thus can provide insight into the physicochemical
nature of the property or activity under consideration. Pioneering work in applying
the QSPR to boiling point was done by Wiener, who introduced the path number w
(later named the Wiener index), defined as the sum of the distances between any two
carbon atoms in the molecule [4]. Since then, extensive effort has been made to apply
the structural information to fit experimental boiling points. In most instances,
correlations have been made initially for organic compounds in homologous series,
like: furans, tetrahydrofurans and thiophenes [5], pyrans and pyrroles [6],
heterocyclic compounds [7,8,9], fluorocarbons [10], aliphatic hydrocarbons [11],
and later have been extended to a diverse set of compounds [12,13,14].

In this study the QSPR technique was employed to estimate the normal boiling
point (the boiling point at 760 mm Hg) of ketones. The QSPR analysis was performed
using the CODESSA (Comprehensive Descriptors for Structural and Statistical
Analysis) program [15]. CODESSA is a chemical multi-purpose statistical analysis
program that has already been successfully applied by Katritzky and co-workers to
correlate molecular structure with different properties such as boiling point, melting
point, critical temperature, vapour pressure, refractive index, critical micelle
concentrations and interactions between different molecular species (octanol-water
partition coefficient, aqueous solubility of liquids, solid and gases, solvent polarity
scales, GC retention time and response factor) [16]. Although numerous attempts
have been made to correlate different physical properties of organic compounds
(among them boiling point) with structural parameters, there are very few papers
employing quantum-chemical descriptors for this purpose. In this study a large part of
descriptors is based on quantum-chemical calculations including purely ab initio
descriptors. These kinds of descriptors allow a far more precise and complete insight
into electronic structure of molecules and into intermolecular interactions. Moreover,
extension of the collection of descriptors, in the present study, by adding almost a
hundred and eighty quantum-chemical descriptors, increases the possibility to find
descriptors well correlating with boiling points.

METHODOLOGY

QSPR study was derived following the methodology shown in Fig. 1. First, 202
ketones and the corresponding experimental boiling point data were selected from
available compilations in literature (Beilstein, Aldrich, [17]). The set of ketones
included aliphatic, aromatic and cyclic ketones, whose exemplary structures are
given in Fig. 2. The boiling point data covered a wide range of temperatures from 79
to 420°C. For each ketone the structural formula was converted to a 3D representation
using a standard set of bond lengths and angles. Such a preliminary geometry was
optimized in quantum-chemical calculations at a semiempirical level of theory.
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Figure 1. Process flow diagram for developing QSPR for predicting boiling points of ketones.

The full geometry optimization was performed by means of AMPAC Ver. 6.55
program employing AM1 Hamiltonian [18]. Such an optimized geometry was
subsequently used as input data for three separate quantum-chemical calculations. In
the first run the population analysis was computed at the AM1 level in order to the
supply data on the electron charge density distribution, orbital populations, bond
orders and valences, dipole moments, dipole and higher polarizabilities and on the
partitioning of the energy into one- and two-center contributions. In the second run
the thermodynamic properties were obtained at the same level of theory. From this
run the properties like enthalpy, entropy, heat capacity, and zero point vibrational
energy were derived. Finally, the third run of calculations was performed at ab initio
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Figure 2. Exemplary structures of ketones used to develop the boiling point model.

level using Hartree-Fock method and 6-31G basis set, as implemented in Gaussian 98
package [19]. A large variety of properties based on the electron density distribution
were extracted from this run. In the next step the outputs from these three runs of
computations served as the input data for the CODESSA program, which carried out
the calculations of molecular descriptors. The molecular descriptors generated by the
CODESSA program can be divided into six groups: constitutional, topological,
geometrical, electrostatic, quantum-chemical and thermodynamic. Constitutional
descriptors are based on the molecular composition of the compound. These
descriptors are simply counts of atoms, bonds, rings, molecular weight, and so on.
Topological descriptors characterize the atomic connectivity in the molecule [20] and
they are represented by well-known molecular parameters like the Wiener index [4],
the Randic indices [21], Kier&Hall connectivity indices [22], Kier shape flexibility
indices [23], efc. Geometrical descriptors represent the three-dimensional
characteristics of the molecular structure such as e.g. moments of inertia [24],
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shadow indices [25], molecular volume and molecular surface area [26,27]. The
electrostatic descriptors characterize the charge distribution in the molecule. Among
them, there are the empirical partial charges in the molecule calculated using the
approach proposed by Zefirov [28], maximum and minimum atomic partial charges,
polarity parameter [29] and topological electronic index [30]. CODESSA also uses a
set of 26 Charged Partial Surface Area (CPSA) descriptors introduced by Jurs ef al.
[31,32]. Thermodynamic descriptors are calculated quantum-chemically on the basis
of the thermodynamic partition function of the molecule. Quantum-chemical
descriptors are a relatively new group of molecular descriptors, adding important
information to the conventional descriptors. The most frequently used
quantum-chemical descriptors include the energy of the highest occupied and lowest
unoccupied molecular orbitals, frontier orbital electron densities, Mulliken
population charge distribution, dipole moments and polarizabilities. A more detailed
description and the application of quantum-chemical descriptors in QSPR study have
been reviewed in [33].

The initial data for statistical analysis were composed of the boiling points (BP)
and over 700 descriptors for each out of 202 ketones. In the preliminary heuristic
treatment the descriptors were screened for insignificance, missing values and high
intercorrelation, which strongly reduced the number of descriptors for further study.
Such a limited set of descriptors was employed in the search for the best fits of the
multiparameter linear equation

BP:ao +2al’dl' (1)
i

where a; are parameters of the fit characterizing a relative sensitivity of the boiling
point (BP) to a given descriptor, d;. In this way the best three-descriptor correlation
was found. This correlation was successively improved giving finally the best four-
and five-descriptor equations.

RESULTS AND DISCUSSION

The final models were extracted on the basis of the highest values of squared
correlation coefficient (R?) and the highest Fisher test values (F). The squared
correlation coefficient is a measure of the quality of the linear relationship and the
F-test value represents the completeness of the fit. For each model the standard
deviation (s) and the cross-validated correlation coefficient (Rcy), which is
essentially a characteristic of the predictive power of the correlation equation, were
also calculated.

Details of the improvement of the statistical description of the boiling point data
set (according to the square of the regression correlation coefficient R? and the
F-values) with the increasing number of descriptors involved in the correlation are
given in Table 1.
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Table 1. Improvement of the statistical description of the boiling point data set with increasing number of
descriptors involved in the correlations.

R? F s RZy Descriptor, d;
0.6746 414 374 0.6674 Kier&Hall index (orderl)
0.9793 4704 9.5  0.9785 Total molecular two-center resonance energy/number of atoms

0.9859 4616 7.8 0.9849 Maximum net atomic charge for a C atom (Gaussian NBO)
0.9907 5231 6.4  0.9901 Average valency of a C atom
0.9924 5151 5.8  0.9917 FPSA-2Fractional PPSA (PPSA-2/TMSA) [Gaussian NBO PC]

N AW N =B

The four-descriptor model yields a correlation characterized by a very satis-
factory value of R?=0.9907. The standard deviation of the model is s = 6.4°C. The
cross-validated correlation coefficient R%:v =0.9901 does not practically differ from
the correlation coefficient R? which indicates a stability of the obtained QSPR model.
Extension of the model by another descriptor improves R? only slightly but simul-
taneously worsens the F-test value. This is an indication that the four-descriptor
model carries out the most essential information on the system.

The descriptors employed in the final model are shortly described below in order
to facilitate their full recovery. The full list of compounds employed in this study
along with their experimental boiling points and the four descriptors involved in the
final correlation is available from the author on request.

The first descriptor involved in the model is the topological Kier&Hall (order 1)
index

b= E(aiaj)_o's 2)

bonds

This descriptor was introduced by Kier and Hall in 1976 [22]. It effectively and
simply represents the chemical structure and is readily calculated according to Eq.
(2), whered;and d; are the values of the so-called atomic connectivity (where i, j pairs
correspond to the connected atoms only). The atomic connectivity for the i-th atom in
the molecular skeleton is defined as follows

Z,-H,
6[= (3)
zZ, -7 -1

1 1
where Z; is the total number of electrons in the i-th atom, Z} is the number of valence
electrons and H; is number of the hydrogens directly attached to the i-th atom.
The second descriptor is the Total molecular two-center resonance energy
divided by number of atoms, (Eg/N). This is a quantum-chemical descriptor calcu-
lated by the Ampac program from

Eg(to)=1/2 3 Eg(4B) (4)

A B#A4
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and

Eg(4B)= > Y PuB (5)

UEAVEB

whereu and v are the atomic orbitals centered on atoms 4 and B, respectively. Py are
the density matrix elements and 3, are the one-electron two-center resonance
integrals

ﬁ,uv=</"A_;A_VA_VBFB> (6)

calculated in the atomic basis. The integral 8, represents the energy of a single
electron moving in the Coulomb field of nuclei 4 and B described by the two-center
density distribution u v .

Further proceeding to the three-parameter equation adds to the model the Maxi-
mum net atomic charge for a C atom (Gaussian NBO). It is also quantum-chemically
calculated descriptor, which origins from the molecular charge distribution obtained
ab initio using Gaussian program from the natural bond orbital population analysis
[34]. This descriptor accounts for the polar interactions between molecules and may
be employed as a measure of weak intermolecular interactions.

The fourth descriptor added to the previous model is the Average valency of a C
atomthat encodes features responsible for reactivity of the molecules. This descriptor
was computed in the frames of the semiempirical population analysis performed by
means of the Ampac program and can be easily extracted from its output. It is
calculated as an average value of the quantum chemical valencies of all the carbon
atoms in the molecule.

The correlation between the experimental data and the boiling points calculated
using the final four-descriptor equation is presented graphically in Fig. 3. The small
number of outliers shows that it can be used, with considerable confidence, for the
prediction of the boiling point of ketones.

Table 2 summarizes the results of the best four-parameter QSPR model derived
for boiling points of 202 ketones. The second column of this table contains all the
molecular descriptors involved in this correlation, and in the third column there are
the respective values of the linear coefficients of Eq. (1) along with their mean square
errors. Finally, the fourth column contains the Student #-testvalues for the correlation
coefficients, which reflect the significance of each parameter in the model. Accord-
ing to this test the most important descriptors of this model are Total molecular
two-center resonance energy/number of atoms and Kier&Hall index (orderl).
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Figure 3. The experimental boiling point for 202 ketones vs. those calculated by the four-parameter

correlation equation, R* = 0.9907, F = 5231.

Table 2. The parameters of the best four-descriptor correlation model, Eq. (1).

i Descriptor, dj aitAa; t-test
0 Intercept —-6074.3+610.1 -9.96
1 Kier&Hall index (orderl) 35.4%+0.73 48.90
2 Total molecular two-center resonance energy/number of atoms  —27.7%+0.44 —62.56
3 Maximum net atomic charge for a C atom (Gaussian NBO) —459.1+44.1 -10.43
4 Average valency of a C atom 1550.4£154.5 10.04

It is worth noting that in the present study the diverse set of ketones was treated as
a whole, and no subsets, like aromatic, aliphatic, or cyclic, were distinguished. The
Principal Component Analysis run for the final model exhibited no clustering, which
strengthens the predictive power of the model for ketones regardless their structure.
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SUMMARY

A Quantitative-Structure Property Relationship model was derived to study the
boiling point of ketones. Innovation of the methodology presented is the combination
of standard constitutional, topological, geometrical, and electrostatic descriptors
with quantum-chemically calculated descriptors. They enabled obtaining the correla-
tion model involving only four descriptors with high correlation factors R? = 0.9907
and F=5231. The obtained QSPR equation can be applied to the prediction of boiling
points of different groups of ketones, like aliphatic, aromatic and cyclic. The
descriptors included in the correlation reflect the dependence of the boiling point on
the chemical structure of the molecule, intermolecular dipol-dipol interaction and
association forces.
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