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Objectives. This article aims to describe, elaborate, and test a general algorithmic method for
constructing the structure—property models for organic compounds.

Results. The construction of the models is based on the statistical analysis of some sets of
chemical structures of definite classes with known property values. These models have some
forms of correlation equations. For the representation of chemical structures in this method, the
special weighted molecular graphs (MGs) that reflect some peculiarities of the spatial structures
of the corresponding molecules are used. The proposed method is realized in two steps. First, it
is assumed that the required structure—property equation has a definite form and depends on
several adjusted numerical parameters and two changeable functions of one variable. In this
step, from some set of functions, the pair of functions that provide the best model is selected.
In the second step, the best model (from the previous step) is modified. For this purpose, the
classification of the vertices of MG by the chemical symbols of the corresponding atoms and
their first-order environments is fulfilled. Further, the graph edges are classified according to the
classes of the vertices which they connect. Furthermore, the numerical correction terms for the
initial weights of the vertices and edges are introduced, and they improve the obtained model.
The final result of the model-construction process is the equation of the definite form containing
concrete numerical values of its parameters. Some examples of the application of the elaborated
method for constructing the structure—property models for the concrete properties and classes of
compounds are presented. The following classes of organic compounds and their physicochemical
properties are considered: 1) the boiling point of alcohols, 2) the water solubility of alcohols,
3) the boiling point of sulfides, and 4) the retention indices of alkylphenols. The obtained results
indicate the efficiency of the proposed approach and the significance of introducing the second
step to the method.
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Conclusions. In this work, a general algorithmic and computerized method for constructing the
structure-property models of organic compounds is suggested. Examples of the application of
this method demonstrated its high efficiency. The method is suitable for any class of organic
compounds and properties, which are quantitatively measured. Owing to its high efficiency, the
structure—-property models obtained by this approach can be employed to calculate the properties
of chemical compounds for which experimental data are unavailable.
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Ienu. Ilens pabomsl — pazpabomams, onucams U hpomecmuposams 06w ull areopummuueckuil
Memo0 nocmpoeHust mooesneli Ces3U «cmpyKmypa-c8olicmao» Ost OP2aAHUUECKUX COeOUHEeHUT.
Pesynemameul. BuluileyKkasaHHble MOOENU CMPOSMest HA OCHO8E CMAMUCMUUECK020 AHAAU3A
O0aHHbBIX NO 8bLOOPKAM CMPYKMYP U C8OUCME XUMUUECKUX COeOUHEHUT U UMerom Ul Koppes-
UUOHHbIX YpasHeHUl. Xumuueckue cmpykmypsl 8 NPeosoIeHHOM Nnooxooe npedcmagusitomest
8 sude CneyualbHblLX MONEKYNSAPHBIX 2pagho8 ¢ secamu 8epuluH U pebep, omparKarouux onpe-
desnieHHble 0CObeHHOCMU NPOCMPAHCMBEHH020 CMPOEHUSL COOMBEMCMBYouuUx monekyn. Peanu-
3ayust memooa npoucxooum & 0ea amana. Ha nepgom samane npeonosazaemcsy, Umo Uckomoe
YpasHeHue C8s13U «cmpyKmypa-ceolicmeo» umeem onpedeneHHbslll aHarumuueckuil eud u 3a8u-
cum om psi0oa N0O20HOUHBLX Napamempos U 08Yx pyHKYUil 00HOU nepemeHHOl, Komopble mozym
sapvuposamecst. Ha amom smane npoucxooum ombop napvl pyHKUUl U3 3a0aHH020 MHOXKe-
cmea pyHKyull, darowux Hauryuuwyro mooens. Ha emopom amane npoucxooum moougpurayust
noayueHHol Haunyuwel mooeau. /1ns amoti yenu nep8oHaAUaIbHO NPOBOOUMCSL KAACCUDUKAYUUSL
8EPULUH MONEKYJSIPHO20 2pagha No XUMUUEeCKUM CUMBOSAM COOMBEMLCMBYIOULUX AMOMO8 U KAp-
MUHAM UX Nep8oz0 OKPYIEeHUs,, npogooumest makrke kaaccugurayus pebep epagpa 8 coomeem-
CMBUU C KAACCaMU 8EPULUH, iKKOmopble OHU coeduHsitom. Ha ocHoge noayueHHol Kaaccugurayuu
8800sIMCsL UUC/IO8bLE (NONPABKU» K UCXOOHbLM 8€CaM 8EePULUH U pebep MONeKYNIPHBLX 2paghos,
YUMo No380slem YAYUULUMb MOO0Eab, NOAYUEHHYIO HA nep8om amane. KoHeuHbim pe3yibmamom
npouecca nocmpoeHust MOOeAU CAYAHUM YpasHeHue onpedeseHHo20 8uda ¢ KOHKpemHbIMU YUC-
J08bIMU 3HAUEHUSIMU 8CeX e20 napamempos. [IpusedeHsbl npumepsbl NPUMEHEeHUsL NPEOSLOIEHHO-
20 mMemooa 051 nocmpoeHust mooeseli Cesi3U «mpyKmypa-ceoticmao» 0151 KOHKpemHblx ceolicme
u Knaccoe coeduHeHull, nokasslearouiue ezo aghpexkmusHocmo. Pacemampusanuce crnedyrouiue
¢usuKo-xumuueckue ceolicmaa U KAACCbL Op2aHUUeCKUX coeduHeHull: 1) memnepamypa rkune-
HUsl cnupmos; 2) pacmeopumocms cnupmos 8 goode; 3) memnepamypa KuneHus cyabguoos;
4) uHOeKcoblL YyoeprKu8aHusl ANKUNGPEHOI08.
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Bbteooust. [Iped iorxkeH 00Ul aN20pumMuUUeckKuil Memod nOCMpoeHUs. KOPPENSIUUOHHBIX Ypae-
HeHUTl, C8s13bl8AOUUX CMPYKMYpPY U ceolicmea opeaHuueckux coeduHeHuti. IIpusedeHsl npume-
pbL e2o peanusayuu. Memood moxem 6bimb UCNONL308AH Ol JHOOLLX K/IACCO8 OP2aAHUUECKUX Coe-
JuHeHUll U 110bbLX UX ceolicmea, Komopble usmepsiromest KoauuecmserHo. Mooesu, nocmpoeHHble
HA OCHOBe NPeosIoNKEHHO020 nodxoda, obradarouue 00CMmamouHO 8bLCOKUM KAUecmeom, moaym
6blMb UCNONIBL308AHDBL 0151 pacuema ceolicme coeOuHeHUll, 01t KOmopblx omcymcemayrom sKcne-

pumeHmasloHble OaHHble.

Knroueesle cnoea: Koppesiyul «mpyKkmypa-ceoticmeor, MoNeKYNsipHble 2paghbl, UHEAPUAHMbL
2pagha, KoMNbIOMepHAsE XUMUSL, MAMEMAMUUECKAST XUMUSL, OJUHA XUMUUECKOU C8s3U, KO8A-

JleHMHbLU paduyc amoma

Ana yumupoeanua: lynaesa H.A., CkBoproBa M.M., Muxaiinosa H.A. Mogenu cBA3U «CTPYKTypa-cBOHCTBO»
OPraHUYEeCKUX COCJUHEHUN HA OCHOBE MOJEKYISPHBIX rpadoB ¢ 3JeMEeHTaMU IPOCTPAHCTBEHHOIO CTPOESHUS MOJIEKYII.
Tonxue xumuuecxue mexuonoeuu. 2020;15(6):84-103. https://doi.org/10.32362/2410-6593-2020-15-6-84-103

INTRODUCTION

One of the important problems of mathematical
and computational chemistry is to determine the
quantitative correlations between the structures
and properties of chemical compounds [1-11].
The obtained relationships enable the prediction
of the properties of given compounds (both real
and hypothetical) from their structures through
appropriate calculations, which can be employed for
a targeted search for compounds with a predetermined
set of properties. Notably, a large number of different
chemical substances have been synthesized thus far.
However, the experimental determination of their
various properties for a targeted search for compounds
is technically largely difficult; moreover, it requires
significant finance and time. Hence, the development
of various mathematical methods for modeling the
correlations between the structure and properties of
chemical compounds is an essential task.

Generally, a statistical approach that is based on
the analysis of a given set of chemical structures with
known values of the studied property is employed
to construct models for the structure—property
correlations. For the quantitative description of the
structures of chemical compounds, a certain set of
molecular parameters x,..., x, is first selected; as
these parameters can be used, for example, any
topological, electronic, or geometric characteristic
of molecules. It is further assumed that the property,
y, 1s related to these parameters through the
function, f: y = f(x,..., x,). The analytic form of f'is
generally set by the researcher, e.g., f is a linear or
quadratic function, but it depends on several selected
parameters. These parameters are obtained from the
known data of the initial (training) sample of chemical

compounds so that the equation, y = f{(x ,..., x, ), would
be calculated with extensive accuracy (in a sense) for
the initial data set.

To assess the accuracy of the approximation in the
constructed model, a correlation is usually established
between the calculated and experimental values of
the studied properties of the training sample of the
compounds. Therefore, the correlation coefficient, R,
is determined, as well as the average relative error,
0 (in %), which are subsequently employed to draw
conclusions on the quality of the model. For example,
in [12], the following characteristics of the quality of
the model, which were determined by the value of R
were proposed thus: R > 0.990 (outstanding), R > 0.975
(excellent), R > 0.950 (very good), R > 0.925 (good),
and R > 0.900 (fair). Notably, these criteria, which
express the acceptability of the model, can be selected
differently in some cases.

In the studies of structure—property correlations,
the methods for quantitatively describing the
molecular structures are very crucial. One of the most
common and conventional methods of representing the
structure of a molecule is by a graph with numerical
weights (or symbolic labels). The vertices and edges
of such graph correspond to the atoms and bonds
in the molecule, and their weights quantitatively
characterize the peculiarities of atoms and bonds of
different types. As topological molecular descriptors,
X,..., X in the structure—property correlation models,
some numerical invariants of theses graphs are used
[13-21].

Evidently, the mathematical models for the
structure—property correlations that were obtained
within the framework of this approach depend
significantly on the selected weights of the graphs
representing the chemical structures since the
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aforementioned graph invariants significantly depend
on these weights. Generally, the selected weights of
vertices and edges of a graph in a particular context
do not depend on the considered class of compounds
or properties. For example, for the molecular graphs
(MGs) of alkanes (these graphs are constructed without
considering the hydrogen atoms), it is generally
assumed that the weights of all the vertices are equal
to zero. Examples of weights of vertices and edges of
the weighted graphs of heteroatomic molecules are
presented in the paper [15]. These weights depend
on atomic characteristics, such as the total number
of electrons, the number of valence electrons, the
number of neighboring hydrogen atoms, and the
parameters that characterize the multiplicity of the
chemical bonds. There are also examples of weights
of vertices and edges of MGs in the literature based
on the covalent atomic radii, degrees of vertices in the
graph, and distances between the vertices [22-24].

Notably, during the construction of models
connecting the structure and properties of chemical
compounds, the questions about the best selection of
the graph invariants, x ,..., x,_ (molecular descriptors),
approximating function f and weights of vertices
and edges of MGs representing chemical structures
arise. These problems are generally due to the lack of
a priori information on what structural features and
how the considered property depends for a given class
of compounds, and an infinite number of variants to
select the graph invariants, approximating function f,
and the weights of a graph.

We shall now in more details describe the method
for constructing the models of the structure—property
correlations based on the optimal (in a sense) selection
of the weights of the vertices in weighted MGs that
represent the chemical structures described in [25].
Initially, some classification of the atoms present in
the molecular structures of the studied compounds
was performed. For example, the atoms can be divided
into classes according to their chemical symbols
taking into account the distribution of the bond types.
A further detailed classification of the atoms can be
obtained if, for this purpose, the pictures of their
first-order environments are used. All the atoms of
one, kth, class (k= 1,2,...) are assigned some weights
z, (k= 1,2,...) (the number of classes is unknown at
this stage). For further constructions, all the atoms in
each molecule are numbered. Thereafter, it is assumed
that the dependence of the studied property, y, on the
structure of the molecule has the following special
form (Equation (1)):

y:zwiwj-l_ca (1)

where w, and w, are the numerical weights of
the atoms in the molecule with numbers i and j,
which are determined by their class in the adopted
classification, i.e., w, = z,, if the atom, /, is in the kth
class. In Equation (1), the sum is for all the bonds (i,))
in the molecule, and ¢ is a constant.

Further, the unknown weights of the classes,
(k = 1,2,...), are selected so that the relation (1)
would be as accurate as possible for a given sample of
the compounds. Consequently, a nonlinear function
of the k variables of the following form is introduced,
as shown in Equation (2):

F(zpez) =), (7 =97 @)

for which we obtained the minimum and corresponding
values of the variables, z,.,..., z,. In Equation (2), y,"
is the experimental value of y of the pth compound,
and y5" is the analytical expression for calculating
the property of the pth compound that was obtained
from Equation (1) and depending on the parameters,

Ziyeens Z

Tﬁus, the resulting equation of the structure—
property correlations has the form of Equation (1) in
which z ..., z, are known and selected in the optimal
method (in the above sense). Equation (1) can be
employed afterward to calculate the property values
of other compounds of the same class that are not
present in the initial sample.

The following facts are the basis for selecting
Equation (1) in the above studies. One of the most
widely employed MG invariant for modeling
structure—property correlations is the molecular
connectivity index (the Randi¢ index) y, as shown in
Equation (3):

L

Z=Elm)* @

where v, v, are the degrees of vertices i and j in the graph,
and the sum is the sum of all the edges (i,j) of the graph
[26]. This index possesses the following property: for a
tree graph with a fixed number of vertices, it takes its
extreme values (the highest and lowest) on the most- and
least-branched trees, i.e., chain and star graphs. Owing
to this property, y can serve as the quantitative measure
of the degree of branching in an acyclic molecule.
There are generalizations of y for cases involving more
general subgraphs (chains of different lengths; notably,
x corresponds to a chain length of 1, i.e., an edge of the
graph), as well as cases, when in formula for y instead of
vertex degrees state some weights of vertices, depending
on the characteristics of the corresponding atoms. The
above modifications of y also have wide applications in
structure—property correlations [27, 28].
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The replacement of the values of v, with those of
the form, v, + x, in the formula for y have been proposed
when constructing the structure—property correlations
[29]. Further, x are the selected parameters based on
the chemical symbols of the corresponding atoms. As
a specific example, it was demonstrated that a more
accurate correlation of the structure—property type
could be obtained with such a “variable” y than with
the original y. Additionally, it was noted that for each
property and class of compounds the set of optimal
selected parameters is own set [29].

The idea of generalizing y by introducing the
selected atomic parameters was also implemented in
[30-35] particularly for classes of compounds, such
as alkanes, alcohols, and ethers, for their enthalpies
of vaporization. The compounds were represented by
graphs without considering the hydrogen atoms. In these
works, a molecular descriptor of the following type was
considered, as expressed in Equation (4):

1 2 3
Sy =ty Ly Ly X, “4)

2 3 4

where

‘7= (ns) " 7= (in(55)) .
=X (n(050,)) 2 =X in(65,0,8)

In Equation (5) for %, the summation is for all
the non-hydrogen atoms of the molecule, numbered
i=1,2,...,n. In Equation (5) for 'y, 2y, 3y, the summation
is for all the chains of the atoms containing 1, 2, and
3 consecutive bonds, with the numbers of atoms
in these chains corresponding to i,j, i,j,k, or i,j,k,[,
respectively. The numbers of the kind, J, were the
selected parameters of the atoms depending on the
method of their classification. Further, it was assumed
that the dependence of the considered property on the
parameter,’?y, has the following form (Equation (6)):

)

y=ax"y+b. (6)

where the constants, a and b, were selected according to
the least-squares method.

In [36], a modification of the classical Randi¢ index
according to the selection of the atomic parameters was
considered. In that case, some of the parameters that
were attributed to the carbon atoms were fixed (they were
assumed to be equal to the degrees of the vertices in the
corresponding graph), and the other part was selected.

In this study, we proposed and verified a new general
method, which was developed within the framework
of a statistical approach for solving such problems, to
establish quantitative correlations between the structures
and properties of organic compounds. The method

is based on representing the structures of the studied
compounds as weighted MGs with weights of vertices
and edges reflecting the elements of spatial structure of
corresponding molecules, with the subsequent corrections
of these weights. The proposed approach is a generalized
development of a previously described approach [25].

DESCRIPTION OF THE METHOD FOR
CONSTRUCTING THE STRUCTURE-
PROPERTY CORRELATION MODELS

Construction of weighted MGs of organic
compounds

Let there be a certain sample with structural formulas
of organic compounds of a certain class and known
numerical values of some physicochemical property
obtained experimentally and reported in the literature.

The construction of any structure—property
correlation model within the framework of the above-
described statistical approach presupposes the preliminary
construction of special MGs for the compounds under
consideration. In the given paper weighted MGs with
vertices corresponding to the non-hydrogen atoms of
the molecule, and edges corresponding to the chemical
bonds between these atoms, are considered. The MG
vertices were assumed to be numbered 1,2,...,n, and
edge, which was formed by a pair of vertices that were
numbered 7/ and j (i <j), was denoted by the symbol (i,j).
The weights of the vertices and edges of MG reflect the
elements of the spatial structure of the molecule, namely,
the vertex weights w,_ are taken as the covalent radii of
the corresponding atoms, and edge weights w, are taken
as the lengths of the corresponding bonds. The values of
the atomic radii and bond lengths used in this work are
presented in Tables 1 and 2, respectively [23], [37].

Table 1. Covalent radii of the atoms (A) [23]

No. Atom Atom radius, A
1 Csp? 0.77
2 Csp? 0.67
3 Csp 0.60
4 Nsp? 0.74
5 Nsp? 0.62
6 Nsp 0.55
7 Osp? 0.74
8 Osp? 0.62
9 F 0.72
10 Psp? 0.10
11 Psp 1.00
12 Ssp? 1.04
13 Ssp? 0.94
14 Cl 0.99
15 Br 1.14
16 I 1.33
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Table 2. Average bond lengths in the organic molecules (A) [37]

No. Bond Bond length, A No. Bond Bond length, A
1 C4-C4 1.54 23 C2-Cl1 1.63
2 C4-C3 1.52 24 C3=C3 1.34
3 C4-C2 1.46 25 C3=C2 1.31
4 C4-N3 1.47 26 C3=N2 1.32
5 C4-N2 1.47 27 C3=01 1.22
6 C4-02 1.43 28 C2=C2 1.28
7 C4-S2 1.81 29 C2=N2 1.32
8 C4-F 1.40 30 C2=01 1.16
9 C4-Cl1 1.76 31 N3=01 1.24
10 C4-Br 1.94 32 N2=01 1.22
11 C4-1 2.14 33 N2=N2 1.25
12 C3-C3 1.46 34 Cc2=C2 1.20
13 C3-C2 1.45 35 C2=N1 1.16
14 C3-N3! 1.40 36 C3=(C3? 1.40
15 C3-N2 1.40 37 C3=N2? 1.34
16 C3-02 1.36 38 C3-F? 1.32
17 C3-F 1.33 39 C3-CP 1.71
18 C3-Cl1 1.73 40 C3-Br? 1.89
19 C2-C2 1.38 41 C3-1? 2.10
20 C2-N3 1.33 42 C3-022 1.36
21 C2-02 1.33 43 C3-N32 1.48
22 C2-F 1.30 44 C3-S822 1.81

In Table 2, the numbers that are placed after the
symbols of atoms are those of the neighboring atoms
of a given atom in a molecule; the superscript, 1, in
No. 14 implies that the bond length of the N-C=0
group is 1.32; superscript, 2, in Nos. 36—44 implies
that C3 is a carbon atom in the benzene ring.

An example of the described weighted MG,
which corresponded to the structural formula of
2-methyl-2-butanol, is shown in the figure (the MG
vertices are not numbered).

0.77
[
C

}1.54

0.77 0.77

0.77 0.77
- - - -
C - C - C - C

Weighted molecular graph of 2-methyl-2-butanol.

Description of the initial structure—property
correlation model and the method of selecting its
parameters

In the proposed approach to modeling the structure—
property correlations, it was initially assumed that the
corresponding equation that connects the property, v, to
some structural characteristics of the molecule (or its
MGQG) has the following form (Equation (7)):

y=aX () oL Al e )

where w, is the weight of the edge (i,j) in MG; w_ is
the weight of the vertex, i, of MG, the summation in
each sum is for all edges (i,j) in MG. The functions,
f,(x) and f(x), are some fixed functions of one
variable. Both functions were selected independently
from any given set of functions. The following set
of functions was considered in this paper: f{x) = Inx,
f(x) = x*, where k takes the values, =1 and 0.5, i.e.,
five functions were considered. Notably, this set
of functions could be extended or changed. Thus,
the model was determined by specifying a pair of
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functions, f,(x) and f,(x). The parameters, a, b, and c,
were selected by the least-squares method according
to a given (training) sample of compounds for each
pair of f,(x) and f (x). Therefore, 25 different models
could be built in this case.

To assess the accuracy of each of these 25 models
(its quality) for a training set of compounds, R and
the standard deviation, s, were calculated for the
correlation between the experimental and calculated
values of y. From the obtained set of models based
on the parameters, R and s, one (the most accurate
model) was selected. Moreover, this model can be
further improved.

Notably, to assess the accuracy of the model on
the initial sample of compounds, the average and
maximum absolute (or relative) errors in calculating
y (Aavg, 4., 5avg, o_. . respectively) could be used.

Correction of the model based on the modifications
of weights of vertices and edges of MGs

To improve the constructed model (with a selected
pair of functions, f,(x) and f(x)), we performed the
corrections of w, and w, of MG. This adjustment was
performed as follows: initially, the vertices and the
edges (i,j) of MG were divided into some classes
according to certain criteria.

The classification of the MG vertices was
performed according to the chemical symbols of the
corresponding atoms and the pictures of their first-
order environment. The classes of the vertices were
numbered arbitrarily as 1,2,...,n,. The class with the
number, p, was initially assigned some indefinite
numerical “weight,” X, (p = 1,2,...,n,). The bonds
were classified according to the classes of atoms that
they connect; the bond classes were also numbered
arbitrarily with numbers 1,2,...,n,. The class with
the number, ¢, was initially assigned some undefined
numerical “weight,” z, (g=12,...,n).

Instead of the initial w,, the weights with the
form, w, + x , were considered, where p is the number
of the class, to which the ith atom belongs. Further,
instead of w,, the weights were similarly corrected
to the form, w,+z, where ¢ is the class number to
which the edge (i,j) belongs.

Further, these corrections, as well as the
coefficients, a, b, and ¢, which are assumed to
be unknown, were selected simultancously by
minimizing a function of many variables of the
following form, as shown in Equation (8):

F(a,b,c,xl,xz,x3,...,zl,zz,z3,...) =

8
- ;('yexp»k ~ Veale k )2> ( )

where y_ . is the experimental value of y of the kth
compound, y_, . is the calculated value of y of this

compound that is obtained by Equation (7), where
instead of the initial weights, w, and w, are their corrected
expressions; the summation is for all the compounds of
the training set.

For the optimal selection of the parameters, a,
b, ¢, x,, X,, X,,..., in this task, the add-in, “Load the
Solver,” of the Microsoft Excel program could be
used.

Notably, to refine the model, only w, can be
adjusted, while w, remains unchanged.

To evaluate the quality of the model on the
training set of compounds, R and s were determined
for the correlation between the experimental and
calculated values of the studied property, as well
as the average and maximum absolute (or relative)
errors (Aavg, 4. ., 5avg, J, .. respectively) in calculating
the property value.

To assess the predictive power of the model, a
new set of chemical compounds of the same class and
known values of y was used (test sample). For these
compounds, the obtained formula was employed to
calculate y and determine R and s, for the correlation
between the experimental and calculated values of
v, as well as the parameters, Aavg’l, Amaqu, 53%1, 5max,l’
similar to the above parameters for the training
sample.

EXAMPLES OF CONSTRUCTING THE
STRUCTURE-PROPERTY CORRELATIONS
ON THE BASE OF THE PROPOSED METHOD

This section offers examples for the application
of the developed method in the construction of models
of the structure—property correlations for a range of
physicochemical properties of organic compounds of
some classes, as well as the analysis of the results.

In each example, a certain sample of compounds
is considered and divided into training and test
samples. N is the number of compounds in the initial
sample (N, and N, are the numbers of compounds in
the training and test samples, respectively). The initial
data are presented as a table containing the names
of the compounds and values of their considered
physicochemical property, which were culled from
the literature. The compounds included in the test set
are marked as *.

Following the method described herein, the
weighted MGs of the compounds under consideration
were constructed at the first stage of research in each
example. Thereafter, for the training set, the unknown
constants, a, b, ¢, were calculated for each pair of the
selected functions, f,(x) and f,(x), by the least-squares
method, as well as the parameters, R and s. The best
model was selected from the obtained models by the
parameters, R and s, i.e., the best pair of f/(x) and
/5(x) was selected. For this model, R, s, 5avg, and 0

max’
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as well as similar parameters, R , s, 5avg‘1, 6max,], were
determined, thereby characterizing the qualities of the
model on the training and test samples, respectively.

The obtained best model was refined in the second
stage of the research. Therefore, the MG vertices
were initially classified according to the chemical
symbols of the corresponding atoms and the patterns
of their first-order environments. The classification
results are summarized in a table containing the
structural fragments that define the classes and their
descriptions.

Further, based on the obtained classification of
the vertices, corrections x, x,,... were introduced
to the initial w . The obtained values of corrections
x,, X,,... and the coefficients a, b, ¢ for the improved
model are summarized in another table. The final
result of the model-building process is an equation of
a certain form with the specific numerical values of
all its parameters, which enables the calculation of y
for any compound of a given class. For this equation,
R, s, 5avg, o ... and R, s, 6avg7|, and 5max,1 were also
determined, thus characterizing the qualities of the
model on the training and test sets, respectively.

Finally, the results were analyzed at the third stage
of the research. Thus, all the statistical characteristics
of the four cases (initial/refined models and training/test
samples) are summarized in one table, after which
these characteristics were compared in the initial and
refined models, and a conclusion was made about the
advisability of introducing corrections to w, of MG to
improve the model. Moreover, the quality of the final,
refined model was assessed.

a) Boiling points of alcohols

A sample of alcohols with their boiling points,
N =31, N =21, N, = 10 [29] was considered as the
initial data for constructing the model. The initial
data are presented in Table 3.

The best model selected at the first stage was an
equation of the following form (9):

y=a2(wl.j)_l+bZ(wﬁ><wjj)_%+c. )

Further, the MG vertices were classified, and the
results are presented in Table 4.

Table 3. Alcohols and their boiling points [29]

No. Compound Boiling point, °C
1 Ethanol 78.0
2 Propanol 97.1
3 2-Propanol 82.4
4 Butanol* 117.6
5 2-Methyl-1-propanol 108.1
6 2-Butanol* 99.5
7 2-Methyl-2-propanol 82.4
8 Pentanol* 138.0
9 3-Methyl-1-butanol 131.0
10 2-Methyl-1-butanol 128.0
11 2-Pentanol* 119.3
12 3-Pentanol 116.2
13 3-Methyl-2-butanol* 112.9
14 2-Methyl-2-butanol 102.3
15 Hexanol 157.6
16 3-Methyl-1-pentanol 153.0
17 4-Methyl-1-pentanol 151.9
18 2-Methyl-1-pentanol* 149.0
19 2-Ethyl-1-butanol 147.0

20 2,3-Dimethyl-1-butanol* 144.5
21 3,3-Dimethyl-1-butanol 143.0
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Table 3. Continued

No. Compound Boiling point, °C
22 2-Hexanol* 140.0
23 2,2-Dimethyl-1-butanol 136.5
24 3-Hexanol 135.0
25 3-Methyl-2-pentanol* 134.3
26 4-Methyl-2-pentanol 131.6
27 2-Methyl-3-pentanol* 126.5
28 3-Methyl-3-pentanol 122.4
29 2-Methyl-2-pentanol 121.1
30 3,3-Dimethyl-2-butanol 120.4
31 2,3-Dimethyl-2-butanol 118.4

Table 4. Classification of vertices of MG, corresponding to alcohol molecules

Structural fragment Ao
No. that defines the class of atoms Description of the atom class
1 C—C The central C| atom is bonded to one C atom
2 C—C—C The central C, atom is bonded to two C atoms
C—C—C
3 | The central C, atom is bonded to three C atoms
C
C
4 c—¢C—C The central C, atom is bonded to four C atoms
C
5 cC—C, —0O The central C, atom is bonded to one C and one O atoms
C— ¢ —C
6 | The central C, atom is bonded to two C and one O atoms
O
C
7 C—C—C The central C, atom is bonded to three C and one O atoms
O
8 cC—O0 The central O atom is bonded to one C atom

Based on this classification, corrections x —x,
(correction parameters) were introduced to the
weights of the MG vertices. The determined
corrections x, x,, ..., x, and the coefficients a, b, and
c are presented in Table 5.

Thus, the improved model is expressed as
Equation (10):

Y :aZ(Wtj)_l *
1 (10
+b2((wﬁ +x,)x(w, +xm))_5 +c,

where n and m are the numbers of the classes of
vertices to which the corresponding vertices i and j
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belong. The values of the corrections, x and x , as well
as the coefficients a, b, and ¢ were obtained from Table 5.
The summation in each sum is for all edges (i) in MG.

Table 6 presents some statistical parameters of the
constructed models for the four cases (initial/refined
models; training/test samples).

As presented in Table 6, the introduction of
corrections to w_ of MG significantly improved the
initial model (on all characteristics). Thus, an equation

of the form of Equation (10) was more accurate than
Equation (9) in expressing the relationship between
the structures and boiling points of alcohols.

b) Solubilities of alcohols in water

A sample of alcohols, N =30, N, =20, N, = 10
[38], with their water-solubility values, —logX (X is
the molar fraction of a substance in solution), was
considered as the initial data (Table 7) for constructing
the model.

Table 5. Values of the correction parameters, x —x,, and the coefficients @, b, and ¢

for the improved model

3%, X, X, X, X, X, X, X, a b c

0.0348 0.0003 0.0112 0.0170 0.0001 0.0117 0.0174 | 0.00303 15898 7936.4 —549.4

Table 6. Some statistical parameters of the initial/modified models for the training/test samples
for the boiling point of alcohols
Initial model Modified model
Statistical parameters (without the corrections of w, of MG) (with the corrections of w, of MG)
of the model

Training sample Test sample Training sample Test sample

s 13.19 10.09 1.82 2.04

R 0.838 0.796 0.997 0.992

g 9.23% 6.18% 1.21% 1.39%

. 25.43% 13.25% 3.96% 3.05%

The best model that was selected at the first stage is
an equation of the following form (11):

1

y=aX(w f +b3 (w,xom,) 7 ve.

(1)

Further, the MG vertices were classified, and the
results are presented in Table 4. Corrections x,—x,
(correction parameters) were introduced to the weights
of the MG vertices based on this classification. The
obtained corrections, x , X,, ..., X, and the coefficients
a, b, and c are presented in Table 8.

Thus, the improved model is expressed as
Equation (12):

y= aZ(Wij ); +
! (12)

+b2((wﬁ +xn)><(wjj +xm))_5 ‘e,

where n and m are the numbers of vertex classes to which
the corresponding vertices, i and j, belong. The values of
corrections x, and x , as well as the coefficients a, b,
and ¢ were obtained from Table 8. The summation in
each sum is for all edges (i,j) of MG.

Table 9 presents some statistical parameters of
the constructed models for the four cases (initial/
refined models; training/test samples).

According to Table 9, the introduction of
corrections to w, of MG significantly improved the
initial model (on all characteristics). Thus, an equation
of the form of Equation (12) was more accurate than
Equation (11) in reflecting the relationship between
the structures of alcohols and their water solubility.

To further improve the model, a classification of
edges in MG (or bonds in structural formula) based
on mentioned above classification of the MG vertices,
was fulfilled. Therefore, the following edge classes
were determined:
NC-C,2)C-C,3)C-C,4HC-C,5C-C,6)C-C,
7) C-C,, 8)C-C,9) C-C, 10) C-C, I1) C-C,,
12) C-C,, 13) C-C,, 14) C-C,, 15) C-C,, 16) CC,,
17) C,—C,, 18) O-C,, 19) O-C_, 20) O-C..
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Table 7. Alcohols and their water-solubility values [38]

No. Compound Solubility in water, —logX
1 1-Butanol 1.750
2 2-Methyl-1-propanol 1.743
3 2-Butanol* 1.724
4 1-Pentanol 2.332
5 3-Methyl-1-butanol 2.254
6 2-Methyl-1-butanol* 2.207
7 2-Pentanol 2.025
8 3-Pentanol* 1.961
9 3-Methyl-2-butanol 1.926
10 2-Methyl-2-butanol 1.608
11 2,2-Dimethyl-1-propanol 2.030
12 1-Hexanol* 2.957
13 2-Hexanol 2.612
14 3-Hexanol 2.542
15 3-Methyl-3-pentanol* 2.109
16 2-Methyl-2-pentanol 2.233
17 2-Methyl-3-pentanol* 2.445
18 3-Methyl-2-pentanol* 2.458
19 2,3-Dimethyl-2-butanol 2.118
20 3,3-Dimethyl-1-butanol 2.870
21 3,3-Dimethyl-2-butanol 2.359
22 4-Methyl-1-pentanol 2.737
23 4-Methyl-2-pentanol* 2.534
24 2-Ethyl-1-butanol 2.956
25 1-Heptanol 3.554
26 2-Methyl-2-hexanol 2.820
27 3-Methyl-3-hexanol* 2.729
28 3-Ethyl-3-pentanol 2.579
29 2,3-Dimethyl-2-pentanol 2.615
30 2,3-Dimethyl-3-pentanol* 2.588
Table 8. Values of the correction parameters, x —x,, and the coefficients @, b, and ¢
for the improved model
5%, 5%, 5% 5%, 5% 5 X, a b c
0.0005 0.0011 0.0011 0.0011 0.0001 0.0002 | —0.0003 | —0.0002 | 213.25 | —203.61 15.14
By this classification, corrections z,-z,, statistical parameters of the constructed modified

to w,_ were introduced and obtained, and new
values of the parameters, a, b, ¢, and X —X, Were
simultaneously obtained. Table 10 shows some

models for the four cases (model with corrections to
the weights of vertices/the weights of vertices and
edges; training/test samples).
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Table 9. Some statistical parameters of the initial/modified models for the training/test samples
for the water solubility of alcohols

Initial model Modified model
Statistical parameters (without the corrections of w, of MG) (with the corrections of w, of MG)
of the model
Training sample Test sample Training sample Test sample
s 0.301 0.239 0.078 0.091
R 0.794 0.798 0.988 0.973
g 9.25% 6.31% 2.40% 3.43%
o 28.53% 17.49% 6.29% 17.40%
Table 10. Some statistical parameters of the modified models with the correction parameters
to vertex weights and to weights of vertices and edges for the training and test samples
for the water solubility of alcohols
Modified model Modified model
Statistical " (with corrections to the vertex weights (with corrections to the weights of vertices
atistical parameters of MG) and edges of MG)
of the model
Training sample Test sample Training sample Test sample
s 0.078 0.091 0.026 0.099
R 0.988 0.973 0.999 0.968
e 2.40% 3.43% 0.69% 3.43%
O 6.29% 17.40% 2.48% 18.86%
Table 11. Sulfides and their boiling points [39]
No. Compound Boiling point, °C
1 Methyl ethyl sulfide 66.6
2 Methyl propyl sulfide 95.5
3 Diethyl sulfide 92.0
4 Methylisopropyl sulfide 84.4
5 Ethylisopropyl sulfide 107.4
6 Methyl butyl sulfide* 123.2
7 Methyl isobutyl sulfide 112.5
8 Ethylpropyl sulfide* 118.5
9 Methyl zert-butyl sulfide 101.5
10 Methylamyl sulfide 145.0
11 Ethyl butyl sulfide 144.2
12 Dipropyl sulfide* 142.8
13 Propylisopropyl sulfide 132.0
14 Ethyl isobutyl sulfide 134.2
15 Methylisoamyl sulfide 137.0
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Table 11. Continued

No. Compound Boiling point, °C
16 Methyl 2-methylbutyl sulfide* 139.0
17 Ethyl sec-butyl sulfide 133.6
18 Ethyl tert-butyl sulfide* 120.4
19 Diisopropyl sulfide 120.0
20 Methyl 1-ethylpropyl sulfide 137.0
21 Methyl sec-butyl sulfide* 114.5
22 Methyl tert-amyl sulfide 128.3
23 Methyl-1,2-dimethylpropyl sulfide 133.0
24 Methylhexyl sulfide* 171.0
25 Propyl butyl sulfide 166.0
26 Propyl isobutyl sulfide 155.0
27 Isopropyl isobutyl sulfide* 145.0
28 Ethyl 2-methylbutyl sulfide* 159.0
29 Propyl fert-butyl sulfide 138.0
30 Isopropyl sec-butyl sulfide* 142.0

Notably, the introduction of additional parameters
to the correlation equation improved all the model
characteristics on the training set. However, in the test
sample, the model became slightly worse. In this regard,
it was not sensible to further classify edges of MG.

¢) Boiling point of sulfides

A sample of sulfides, N = 30, N, = 20, N, = 10
[39], with their boiling points was considered as the
initial data (Table 11) for constructing the model.

The best model that was selected at the first stage is an
equation of the following form (13):

y=aZ(Wij)‘1+bZln(Wﬁijj)+c' (13)

Further, the MG vertices were classified, as
presented in Table 12.

Corrections x,—x, to w,_of MG were introduced
based on this classification. The obtained corrections,

Table 12. Classification of vertices of MG, corresponding to sulfide molecules

Structural fragment q
No. that defines the class of atoms Description of the atom class
1 C—C The central C, atom is bonded to one C atom
2 C—C—C The central C, atom is bonded to two C atoms
C—C—C
3 | The central C, atom is bonded to three C atoms
C
4 C,—/S The central C, atom is bonded to one S atom
5 C—C,— S The central C, atom is bonded to one C and one S atoms
C— C,— S
6 | The central C, atom is bonded to two C and one S atoms
C
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Table 12. Continued

Structural fragment e
No. that defines the class of atoms Description of the atom class
C
7 C—C—S The central C, atom is bonded to three C and one S atoms
C
8 C—S—¢c¢C The central S atom is bonded to two C atoms
Table 13. Values of the correction parameters, x,—x,, and the coefficients a, b, and ¢
for the improved model
X, X, X, X, X, X, X, a b c
0.00016 | 0.00014 | 0.00002 | 0.00017 | 0.00006 | 0.00006 | 0.00021 | 0.00006 7284.7 9091.2 4055.93
X, X, .., X, and the coefficients a, b, and ¢ are shown of the form of Equation (14) was more accurate than
in Table 13. Equation (13) in reflecting the correlation between the
Thus, the best model is expressed as Equation (14): structures and boiling points of sulfides.
d) Alkylphenol retention indices
-1 - —
_ A sample of alkylphenols, N = 30, N, = 20,
y—aZ(w,.j) + B ple © P Lo
(14) N, = 10 [40], with their values of retention indices

+bZln( W, +x,) (wjj+xm))+c,

where n and m are the numbers of the vertex classes
to which the corresponding vertices, i and j, belong.
The values of the corrections, x and x , as well as the
coefficients a, b, and ¢ were obtained from Table 13. The
summation in each sum is for all edges (i,/) in MG.

Table 14 presents some statistical parameters of
the models for the four cases (initial/refined models;
training/test samples).

According to Table 14, the introduction of
corrections to w_ of MG significantly improved the
initial model (on all characteristics). Thus, an equation

was considered as the initial data (Table 15) for
constructing the model.

The best model that was selected at the first stage
is an equation of the following form (15):

y=a2(wy) +b2(w xw) +c. (15)

Further, the MG vertices were classified, as
presented in Table 16. The C atoms included in the
benzene ring are denoted as C°.

Corrections x —x, to w, were introduced based on this
classification. The obtained corrections, x, x,, ..., x,, and
the coefficients a, b, and ¢ are presented in Table 17.

Table 14. Some statistical parameters of the initial/modified models of the training/test samples

for the boiling point of sulfides

Initial model Modified model
Statistical parameters (without the corrections of w, of MG) (with the corrections of w, of MG)
of the model
Training sample Test sample Training sample Test sample

§ 7.76 2.73 2.64

R 0.954 0.846 0.994 0.991
Opg 4.41% 6.77% 1.83% 1.81%

O 12.48% 10.72% 5.60% 4.07%
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Table 15. Alkylphenols and their retention indices [40]

No. Compound Retention indices
1 Phenol 1281
2 2-Methylphenol 1354
3 3-Methylphenol* 1386
4 4-Methylphenol 1385
5 2-Ethylphenol 1430
6 3-Ethylphenol 1483
7 4-Ethylphenol* 1473
8 2,3-Dimethylphenol 1495
9 2,4-Dimethylphenol 1456
10 2,5-Dimethylphenol 1453
11 2,6-Dimethylphenol* 1416
12 3,5-Dimethylphenol* 1489
13 3,4-Dimethylphenol 1530
14 4-Isopropylphenol 1527
15 2-n-Propylphenol* 1502
16 3-n-Propylphenol 1565
17 4-n-Propylphenol 1563
18 2-Ethyl-4-methylphenol* 1523
19 2-Ethyl-5-methylphenol 1529

20 2-Ethyl-6-methylphenol 1485
21 3-Ethyl-5-methylphenol* 1581
22 4-Ethyl-2-methylphenol* 1539
23 4-Ethyl-3-methylphenol 1608
24 2,3,4-Trimethylphenol 1638
25 2,3,5-Trimethylphenol 1593
26 2,3,6-Trimethylphenol* 1551
27 2,4,5-Trimethylphenol* 1593
28 3.,4,5-Trimethylphenol 1667
29 4-sec-Butylphenol 1612
30 2-n-Butylphenol 1600
Table 16. Classification of vertices of MG, corresponding to alkylphenol molecules
No. st ey Description of the atom class
that defines the class of atoms
1 c'—c¢Cy —cC° The central C} atom is bonded to two C® atoms
Cc— C'z’ —C°
2 The central C’ atom is bonded to two C® and one C atoms
C
3 C* —C, The central C, atom is bonded to the C* atom
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Table 16. Continued

Structural fragment e
No. that defines the class of atoms Description of the atom class
4 c—C, The central C, atom is bonded to the C atom
5 ct—C,—C The central C, atom is bonded to one C® and one C atoms
ct—C : —C
6 The central C} atom is bonded to one C’ and two C atoms
C
7 C—C—C The central C, atom is bonded to two C atoms
b b
C'— b —
8 The central C} atom is bonded to two C* and one O atoms
(0]
9 ct—o0 The central O atom is bonded to one C® atom
Table 17. Values of the corrections parameters, x,—x,, and the coefficients a, b, and ¢
for the improved model
X, X, 3%, X, X, X, X, X, X, a b c
0.6198 | 0.5934 | 0.7245 | 0.2346 | 0.4256 | 0.5157 | 0.3836 | 0.9956 | 0.9777 | 780.9 | 1055.5 28.2

Thus, the best model is expressed as Equation (16):

y= aZ(wij )71 +
+b2((wﬁ +xn)><(wjj +x, ))E +c,

where n and m are the numbers of the vertex classes
containing the corresponding vertices, i and j. The
values of the corrections, x and x , as well as the
coefficients a, b, and ¢ were obtained from Table 17.
The summation in each sum is for all edges (i,/) in MG.

(16)

Table 18 presents some statistical parameters of
the models for the four cases (initial/refined models;
training/test samples).

According to Table 18, the introduction of the
corrections to w, of MG significantly improved
the initial model (on all characteristics). Thus, an
equation of the form of Equation (16) was more
accurate than Equation (15) in reflecting the
correlation between the structures and retention
indices of alkylphenols.

Table 18. Some statistical parameters of the initial/modified models of the training/test samples

for the retention indices of alkylphenols

Initial model Modified model
Statistical parameters (without the corrections of w, of MG) (with the corrections of w, of MG)
of the model
Training sample Test sample Training sample Test sample
s 36.92 30.37 15.03 16.18
R 0.934 0.904 0.989 0.974
g 1.94% 2.01% 0.72% 1.00%
0, 5.86% 5.42% 2.16% 3.17%
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CONCLUSIONS

In this study, a general algorithmic method
for constructing the mathematical models for the
structure—property correlations of organic molecules
was developed. The abovementioned models were
built based on the statistical analysis of the data of
the samples of structures and properties of chemical
compounds of some classes, and they have the forms
of correlation equations. The method is suitable to
any classes of organic compounds and any properties,
which can be measured quantitatively.

To represent chemical structures within the
framework of the proposed method, special weighted
MGs reflecting some elements of the spatial structure
of the corresponding molecules were used.

The method is realized in several stages. At the
first stage, it was assumed that the desired equation for
the structure—property correlation has a well-defined
form and depends on several adjustable numerical
parameters and selected pair of function on one variable.
Additionally, the best pair of functions (according to
certain criteria) from a given set, i.e., the best model, is
selected at this stage. In addition, the preassigned set of
functions can be extended, that promote the increasing
of the accuracy of the best selected model.

The second stage is only required if the construction
of a more accurate model was desired.

At the second stage, the obtained best model
undergoes some modifications, which are aimed at
improving its accuracy. Therefore, the MG vertices are
initially classified according to the chemical symbols
of the corresponding atoms and the patterns of the
first-order environment, as well as the edges according
to the vertex classes that they connect. Based on the
obtained classification of vertices and edges, several
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