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I. INTRODUCTION

The search for regularities in the type of variation of
different properties of molecules as a function of their
structure belongs to the so called "structure—property"
problem which has long attracted the attention of chemists. !~
The solution of this problem even for an individual fairly
narrow range of compounds is extremely important.® The
observed regularities can be used for the systematic treat-
ment of molecules of a given class, for the prediction of the
properties of hypothetical molecules, and for the search for
new compounds with a specified set of properties. Further-
more, they can also prove useful in the development of a
theory which would explain the phenomenon under considera-
tion and would provide a key to the understanding of the
mechanism of the action of biological active compounds.

In order to find quantitative relations between structure
and proverty, various mathematical modelling methods are
used, their choice being determined by the type of chemical
compounds, their state of aggregation, and the property
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being analysed. Ptocedures for the description of molecular
structures occupy a special place among these methods.

The description of molecular structure can be detailed to
different extents. Thus the overall formula shows how
many and what atoms are contained in the molecule. The
structural formula contains information also about the way
in which these atoms are linked to one another. Finally,
the specification of the coordinates of the atomic nuclei in
space makes it possible to construct three-dimensional models
of molecules. With the aid of quantum-chemical calculations,
it is possible to obtain additional information about the dis-
tribution of electron density in the molecule. The physico-
chemical parameters reflecting the molecular structure
indirectly are used in many cases to characterise the mole-
cules.

Modern experimental research methods make it possible
to determine fairly reliably the geometry and different
physicochemical characteristics of molecules. However,
such methods are applicable only to substances which
actually exist and not to all substances., In those cases
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where experiment is difficult, one can use quantum-chemical
calculations of the geometrical and energy characteristics

of molecules. Such calculations are still inferior as
regards accuracy to experimental data and, moreover, they
are associated with considerable computational difficulties.
More formal and simpler methods, based on the description
of the molecular structure by the structural formula, are
therefore also used nowadays to solve the "structure—
property" problem. In this topological method for the
description of molecular structure, account is taken only

of the types of atoms and of the character of their bonding
to one another, but the metric characteristics of the molecule
are neglected.

The methods based on the analysis of the structural formula
in order to discover the relation between the structure and
property have long been used in theoretical organic chemistry.
For example, the additive schemes employed to estimate the
physicochemical properties of hydrocarbons, based on the
concept of a numerical characteristic of the property investi-
gated in the form of the sum of the contributions by atoms
and bonds, are widely known. %5 Further development of
the topological approach led to the appearance of various
modifications of simple additive schemes associated with allow-
ance for a non-valence interaction, the use of more complex
structural fragments, the application of non-linear functional
relations between the property and the structural param-
eters, 1% ete. This made it possible to extend significantly
the list of properties investigated and also to analyse com-
pounds with a structure more complex than that of hydro-
carbons.

The development of the topological approach is associated
to a large extent with the application of the methods of
graph theory, *! since the structural formula of a molecule
is equivalent to the corresponding molecular graph. The
analysis of the structural formula which must be carried out
within the framework of the "structure—property" problem
therefore reduces to the treatment by the methods of the
theory of graphs of the corresponding abstract mathematical
structure—the molecular graph (MG). Weighted MG are
usually employed in structural chemistry. ¥ The weighting
factors for the vertices and edges are chosen in order to
take into account the differences between the types of atoms
and bonds. The weighted graph is defined by the adjoining
matrix A = (a;p), (i,j =1,...,n), where g; is the weighting
factor of the ith vertex, ¢;; = a; the weighting factor of the
edge (1,]), a; = g;; = 0 if the vertices { and j are not con-
nected by an edge, and n is the number of vertices in the
graph. The form of the adjacency matrix depends, generally
speaking, on the way in which the vertices of the graph are
numbered. However, different numbers characterising its
structure and independent of the way in which the vertices
are numbered can be attributed to each graph. Such
numbers are called the invariants of the graph or structural
constants. Examples of the graph invariants are the number
of vertices, the number of edges, the number of paths of
equal length, the determinant of the adjacency matrix, etec.
In organic chemistry, the invariants of weighted molecular
graphs are called topological indices (TI). Topological
indices have found a wide variety of applications in structural
chemistry. In particular, they can be used to code chemical
information, in designing a chemical experiment, in the theory
of the atomic structure and reactivity of molecules, and for
the quantitative description of chemical structures in the
analysis of the relation between the structure of a molecule
and its properties. In the present review, we shall discuss
the last two applications of the TI.

As a rule, in order to establish a relation between the
structural parameters x;, ..., X} (in the given case topological
indices) and the numerical characteristics of a property "y",
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a functional relation of the type y = a, + I a;x;, where a; are
i

unknown constants determined by the method of least squares,
is sought. The quality of the model constructed is charac-
terised by the regression parameter s (the standard deviation
of the regression line; s 2 0) and r (the correlation coeffi-
cient; 0 £r £1). In more general cases, non-linear func-
tional relations are used.

Another approach to the "structure—property" problem
associated with TI is also possible. Its essential feature
consists in the fact that the concept of "distance" between
the structures is introduced on the basis of the TI, making
it possible to estimate the similarity of the structures and to
relate it to changes in the property considered. Further-
more, TI are used as structural descriptors in the solution
of the "structure—property" problem by other methods, for
example, by the image recognition method.

The approach to the solution of the "structure—property"
problem based on TI has a number of advantages, which
include, firstly, the simplicity and rapidity of the calculation
of TI even on small computers and, secondly, the non-
empirical character of the indices and the possibility of
obtaining them directly from the structural formula. The
latter is especially significant when one is dealing with the
estimation of the properties of hypothetical structures for
which there are no experimental data whatsoever.

The method of topological indices, based on the formal
description of the molecular structure, suffers also from
an evident disadvantage: not all the characteristic features
of the molecular structure are taken into account. Neverthe-
less, in many cases TI are satisfactorily correlated with both
steric parameters (molecular volume, molecular refraction, the
surface area of the molecule) and the electronic parameters
(ionisation potentials, electron affinity, polarisability,
chemical shifts in NMR spectra, spin density, ete.). Further-
more, in constructing TI one can take into account not only
the topology of the molecule but also certain features of its
electronic and steric structures, the weighting factors for
vertices and edges of the MG being appropriately selected.

One should also note that TI are usually obtained with the
aid of formal operations on the MG. It is therefore not
always possible to achieve a satisfactory physical interpreta-
tion of certain TI and to explain the correlation obtained with
their aid even at a gualitative level. In the solution of the
specific problems with the aid of the TI method, the problem
of the motivated [subjective?] selection of topological indices
arises.

However, in certain applied fields, in particular in the
search for new biologically active substances, >** a fairly
complex situation arises, associated with the necessity to
synthesise and investigate a large number of chemical com-
pounds. Therefore any even indirect considerations which
enable the investigator to solve a priori the question of the
structures which can have the required properties or those
which need not be considered at all is of great interest. The
TI method can be used in the solution of problems of this type
as a "coarse filter" for the preliminary sorting of molecules.

Recently there has been considerable growth of interest in
topological indices. Numerous publications on this topic have
been published in which increasing numbers of new TI have
been introduced (see, for example, Bonchev*). Naturally,
the abundance of TI combined with the lack of a single theory
makes it difficult to understand them, promotes the appear-
ance of speculative publications in this field, and even to
some extent discredits the TI method.

The main aim of the review is to carry out an approximate
classification of the TI described in the chemical literature,
to give an account of the general principles of the construc-
tion of TI, and to analyse the real possibilities of the TI
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method as a procedure for the description of chemical struc-
tures in the solution of the problem of the "structure—prop-
erty" relation. The review also discusses the relation
between different indices and their interpretation. The
individual Sections are devoted to the discussion of correla-
tions of TI with physicochemical properties and with the
biological activity of certain classes of compounds known from
the literature.

There exists a series of foreign reviews devoted to the
use of TI in structural chemistry.*?®  However, these
publications cover inadequately the different applications of
TI and provide as a rule merely a description of the factual
data without its analysis.

. TOPOLOGICAL INDICES AS QUANTITATIVE CHARAC-
TERISTICS OF MOLECULAR STRUCTURES

This Section gives a brief description of the principal
ways of constructing TI used in the analysis of molecular
structure.

1. Invariant Sets of Molecular Graphs

We shall denote by G an arbitrary molecular graph.
Different sets of numbers (numerical sets) can correspond
to the graph G, characterising its structure and being
independent of the numbering of the vertices. Each such
set M will be called an invariant set (IS) of the graph G
assuming, to make the treatment concrete, that its elements
are arranged in a decreasing sequence. For example, the set of
the elements of the adjoining matrix A = (ajj) of the graph G as
well as the set of degrees of vertices vj, where

are invariant sets. When the weighting factors of the edges
are equal to the multiplicities of the corresponding bonds, the
quantity v is equal to the number of edges incident with

the vertex i and related directly to the valence of the ith
atom.

Together with the adjacency matrix, other matrices corre-
sponding to the graph G can be used to construct its IS. The
distance matrix D = (di') (i,j = 1, ..., n), whose element dij
is equal to the distance between the ith and jth vertices, is
most often used in structural chemistry. The quantity d,-]-
is defined as the minimum number of edges which must be
traversed when moving along the edges of the graph from
the ith vertex to the jth. The set of elements of the matrix
D, the set of the distance degrees of the vertices di, where

di= X i
[
and also the spectra of the matrices A and D are IS. Other
examples of IS will be examined below.

A whole family of different TI corresponds to each IS .
We shall describe several ways of constructing T1 of this
type.

First method. Suppose that the IS ® of the graph G con-
sists of k elements my, ..., m,.. We shall select an arbitrary
symmetrical function F(x,,...,xy) of k variables (the values
of this function do not change in arbitrary transpositions of
the arguments). The quantity F{m,,...,my), regarded as
the value of the function F on the graph G, is a TI corre-
sponding to M . For example, if M consists of the element
of the adjacency matrix A of the graph G, k = n? (where n
is the number of vertices of the graph G), and

F(xh crey x\)=;zth
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then F(my,...,my) is equal to the sum of all the elements of
the matrix A. If the graph G is simple, i.e. A is a matrix
consisting of zeros and ones [a(0,1)-matrix] and a;; =0, then
F(my,...,my) = 2q, where q is the number of edges of the
graph. By altering the form of the function F, it is possible
to construct a whole series of other TI also related to the
given IS M. . In yet another example, we may specify a TI
generated by the function

Fa=28(x),
]

where §(x;) = 1 for x; = a and §(x;) = 0 for x; #a, a being
a fixed number. The value of the function F, at the point
(mq, ... ,mk) is equal to the number of elements of the set M
jdentical with a. Thus, if a = 2 and the IS consists of the
elements of the matrix D, then the value of the function Fg,
is equal to twice the number of pairs of the vertices of the
graph located at a distance of 2.

Second method. We differentiate in the graph G the sub-
graphs G; of a specific type with the same numbers of ver-
tices m (m <n). We relate to the subgraph G; the IS M .
consisting of k elements: mg), e, m 1" We select a !
symmetrical function F(x,,...,x) of k variables. For each
subgraph G;, we find the value of F(mgl),... ,m,(cl) and then
we determine the TI equal to the sum of these quantities.

In particular, if F(x;,...,Xx;) = 1, then the TI determined
by the method described is equal to the number of subgraphs
of the given type.

Third method. New TI can be obtained from those already
known by adding, multiplying, subtracting, and dividing
the latter. Finally, it is possible to construct a multi-
index—an ordered sequence of simple indices.

The TI described above characterise the graph as a whole.
Such TI are represented in many cases as the sums of the
numerical characteristics of different structural fragments,
for example, the vertices or edges of the MG and these
characteristics are independent of the numbering of the
vertices of the fragment. Some of these invariants, called
TI of the local type, are of independent interest and are
used in the solution of various problems in theoretical chemi-
stry. For example, the local TI determined as the matrix
elements of different functions of the adjacency matrix are
used in the theory of the electronic structure of conjugated
molecules.

2. Indices Related to the Distance Matrix D

Correct estimates of the dimensions and degree of branch-
ing of the molecule are important in the estimation of a
number of physicochemical properties of compounds, for
example, the boiling point or melting point, because the
energy of intermolecular interactions actually depends to
a considerable degree on these parameters. In the topo-
logical approximation, mainly indices characterising the
"size and form" of the graph are used for the solution of
this problem. Some of them are directly related to the
distance matrix D. This approach was first applied by
Wiener, 2 who suggested that two TI, W and p, defined in
terms of the distances between the vertices of the corre-
sponding molecular graphs, be used for the comparison of
the carbon skeletons of saturated hydrocarbons. The index
p is equal to the number of pairs of vertices the distance
between which is 3 and W is equal to the sum of the distances
between all pairs of vertices of the graph G. The number
W, usually called the Wiener index, is expressed in terms of
the elements of the distance matrix D by the formula



194
=124y
= ? i
The index W can also be written in the form
W=; ign

where g. is the number of pairs of indices separated from one
another by the distance j, i.e. the number of elements dj,

(k < 1) in the matrix D equal to j. 2 The number p is iden-
tical in the given instance with the quantity gs. The polyno-
mial

V()= 3 dg;,
i

introduced by Altenburg, 2 is sometimes used to characterise
the distances between the vertices of the MG which can occur

in the graph. In terms of the W(x) polynomial, the Wlener
index is calculated by the formula
W= ()
dr  Je=2”

The distance matrix is also used to determine the distance
polynomial

D(x) = (—1)"det (D—xE),

where E is a unit matrix.® This polynomial is the invariant
polynomial of the graph.

The indices J(G) and D(k), associated with the matrix D,
are described by the formulaet!?

J @=L 3 @ay™
p¥ [(23‘ )/(;‘.g:)]""; k=1,2,3,4,

where q is the number of edges and ¢ is the cyclomatic
number which in the case of simple graphs is equal to g —~n +1.
In constructing certain TI, the concept of the centre of the
graph is used.™ The centre of the graph is defined as
follows. For each vertex of the graph, one calculates ini-
tially the quantity e; = n}ax di]" where i is the number of the

vertex. The quantity e; is called the eccentricity of the ith
vertex. Then, among all the numbers e;, the smallest is
selected: r(G) = min e This number is called the radius
i
of the graph. By definition, the centre of the graph is
understood as the set of vertices whose eccentricity is r(G).
For example, the tree has a centre consisting of one or two
connected vertices.™ The centric TI for the tree is deter-
mined by means of the following procedure. In the first
step, all the first degree vertices (pendant vertices) and the
edges incident with them are cut off from the tree. In the
second step, all the first degree vertices and the edges inci-
dent with them are again cut off from the subgraph obtained
in the first step. This procedure is continued until finally
only the central vertices of the tree remain. We shall denote by
A; the number of vertices eliminated in the ith step and shall
put

B=341,
3

+In the formula for J(G) and henceforth, the prime before
the summation symbol implies that the summation is carried
out with respect to all the edges (i,j).

Russian Chemical Reviews, 57 (3), 1988

The quantity B is called the centric Balaban index.? The
normalised (B') and binormalised (B") centric indices are
also defined in terms of the index D:

B'=05(B—2n+u), B”=2B"((n—2)*—2+u)"",

where u = 0.5 [1-(-1)"]1. A definition of the TI B, also
related to the concept of the centre of the graph, has been
ptoposed. The index B, is defined in terms of the formula

Bc=2rf,
i

where r; is the distance from the ith vertex to the centre.
The centric indices B and B can also be defined in a dif-
ferent way in terms of the IS of the graph. Suppose that
the set N = (iy,...,i;) consists of the numbers of central
vertices. For each vertex i, one finds its distance from the
centre r; = min d;; (j N; ri = 0 for the central vertices).
The set of such numbers r; constitutes the IS. Next the
symmetrical function

F=3%,
i=1
defined by this IS, is calculated. As a result, one obtains
the topological index B,. The calculation of the index
B reduces the calculation, for this IS, of the number of ele-
ments equal toa = 0,1,2,....

The invariants of the graph, associated with the distances
matrix D, have also been discussed in two other studies.®?
We may note that the TI defined above refer to a simple
molecular graph. In order to take into account heteroatoms

and multiple bonds, the distance matrix D, constructed
taking into account the weighting factors attributed to the
vertices and edges of the MG, was introduced.?® The ele-
ments of the matrix D were determined from the formulae

du—l—-;‘—- and du=2—;—7‘ s
where zZj is the nuclear charge of the jth atom and b, the
multiplicity of the bond (k,1); by; =1, 2, 3 or 3/2 depending
on whether the bond is respectively single, double, triple,

or aromatic. The summation is extended over all the bonds
(k,1) forming the shortest path between the ith and jth
vertices. The question of certain modifications of the dis-
tance matrix D in the presence of multiple bonds is also
discussed in the above study.? In particular, it is suggested
that a weighting factor equal to the bond length be attributed
to each edge of the corresponding molecular graph.

3. Indices Based on the Invariant Set of Degrees of Vertices

Here we shall discuss certain TI which are defined in terms
of the degrees of the MG vertices. Indices of this type can
be easily calculated both for simple and weighted graphs.
For this reason, they belong to the class of the most popular
TI in theoretical chemistry. We shall indicate initially a
series of indices (M;, *® P, ® I,™ and Q?) which are defined
with the aid of symmetrical functions of degrees of the graph
vertices of the type

Zx:, n Xiy zxi
i 1 i

M1=é w, P=ﬁ v;, l=év;=2q .

iy f=1 =1

Q=053 (0} —2v) +1=0.5M, —2¢+1.

{m=1
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We shall now assume that the edges have been selected
as the subgraphs of the graph G in order to determine the
indices. Using various symmetrical functions of two vari-
ables F(x;, x,), it is possible to determine a series of TI
which depend on the degrees of the vertices of the graph G.
For example, the indices f, M,, and x have been intro-
duced : %733

f=Sw+v—2,
M,='Evzv, ,
1="So)*,
The quantity x is called the molecular connectivity index
or the Randi€ index, ®* M, is the Gutman index, ® and f is
the Platt index.*® An extension of the structural parameter
X has been proposed; * the resulting index is called the

index of molecular connectivity of order h. This graph
invariant "“x is determined from the formula

Ry = 3\ (Oi Ve

where h 2 1 is a fixed integer and vik

ooy Vi) * (along paths of length h),

is the degree of the

vertex i) along the given path of length h (k = 1,...,h).
Evidently, 1y = x.

The index Ny was further modified *»*® by differentiating
in the graph G tree-like subgraphs G; of a special type,
each containing h edges. A certain number §; (for example,
§; = Vi ) is ascribed to each vertex i of the graph G. Then
the quantity

h+1 N

’ 61h+1) = H Gl?'

k=1

F(8, ...

is calculated for each subgraph G; with the verticesji, ....jp + 1.
The numbers F(S§, ,...,6, ) are then summed over all the
J1 Ih + 1
subgraphs Gi’ In order to take into account multiple bonds
and heteroatoms, it has been suggested * %’ that the quan-
tities
6‘.—_-z}’—~r; or 6;:(2?——!;)/(2;—2})—”.

where z; and z} are respectively the total number of electrons
and the number of valence electrons in the ith atom and r; is
the number of hydrogen atoms linked to the ith atom, be used
as the numbers §;. The connectivity indices obtained in this
way may be called the valence connectivity indices and are
denoted by th.

However, cases are possible where atoms of one kind, form-
ing bonds of different types with their neighbours, cannot
be distinguished with the aid of the number §;. For this
reason, a "perturbation" connectivity index has been intro-
duced.® Instead of §;, in each construction use was made
of the numbers 6?,__which are determined from the equation
'SP = &, where §P and § are column vectors with the
components Gg’and Gi (i =1,...,n), respectively and T' =

(Yk1), where kl = 1,...,n, is a square matrix. The matrix
elements v satisfy the conditions vy = 1 and vy = 0,
provided that the vertices k and | are not connected. In
the remaining cases, the yy are selected empirically.
Examples of correlations of different physicochemical proper-
ties with the "perturbation connectivity index for a special
selection of the elements of the matrix I' (for example, for
Yil = Y1 = 0,1) have been published® and it has been noted
that the quality of the correlations is higher than in the
case where "non-perturbation” quantities §; are used.

The index x has also been modified in a study ® whose
authors introduced the concept of the Ith order connectivity
K;, where | = 2,3, using the following formula to find this
quantity :

K=" (Cvr a'v; a) by ™,
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where lvi is the number of second-order (I = 2) or third-
order (I = 3) neighbours of the vertex i, the number ¢;
characterises the type of the ith atom, and by; is the (i,})
bond order. The indices 'y, %x, f, and M,, determined for
weighted graphs, have been discussed.

In the case of weighted graphs, the problem of the choice
of the weighting factors for the vertices and edges arises.
Some of the ways of introducing the weighting factors were
discussed above. One of the possible variants of the dis-
tribution of the weighting factors among the vertices of the
graph, associated with the method of potentials, ® has been
proposed.® A number uj, called the potential defined by
the formula

n
”1=2 h‘ilh}i’
j=1
where i = 1, ..., n and the hij are the elements of a non-
degenerate matrix H = (hij)r which depend in a special way
on the elements of the adjoint matrix, is attributed to each
vertex. The topological index is defined by the expression
n
I w (391
i=1
Certain TI which depend on the degrees of the vertices,
can be represented as functions of the TI associated with
more complex fragments. For example, f = 2N,, where f
is the Platt index and N, the number of paths on the MG
whose length is 2 (the quantity N, has been introduced as
the TI in the study of Gordon and Scantlebury®). On the
other hand, if the degrees of the graph vertices do not
exceed 4, then the index N, is linearly related to the index
@ and the index M;: Q = N,-n +2 =3 - 2n + 0,5M;. For
acyclic graphs,

Z(vi_l)vi [16].

The index N, has been used to construct a new topological
index %k on the basis of the formula

2N2,max Nz.mln y
N2

2y

where Ny max = 0.5(n~ 1) (n—- 2) and N, pin = n - 2 are
the values of N, for a simple chain and a star respectively
and n is the number of vertices of the graph.*

The MG fragments corresponding to paths whose lengths
are greater than 2 have also found applications in the con-
struction of TI.®*¥™5 For example, it has been suggested
that the sequence of numbers Ny, ...,Ny, where N; is the
number of paths of lengths i on the MG, be used to code
chemical structures.*** The "distance" d between the
structures can be determined in terms of the numbers N; by
means of one of the formulae

2= D (N; — Ni)* and d=D, (V; — N)) I°§z‘% ,
i i i
which makes it possible to classify these structures in terms
of the extent to which they approach a certain standard struc
ture. In many cases the sequence of structures obtained
in this way is consistent with the character of the changes in
the properties. "%

4, Indices which Depend on the Spectroscopic Characteristics
of the Graph

A series of TI used in the analysis of molecular structures
are related directly to the eingenvalues A;, where j =
1,...,n, of the adjacency matrix A of the molecular graph.
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The numbers Ay,...,A,, form the spectrum of this graph and
are identical with the set of zeros of the characteristic
polynomial:®

R(G, x)=(—1)"det(A—xE)=x"+ax"*+...+a, ,

The spectrum of the graph is an IS and the coefficients of
the polynomial R(G,x) are symmetrical functions of the eigen-
values. Therefore any coefficient of the polynomial R (G, x)
can be used as the TI. In particular, the sum of the abso-
lute coefficients of the polynomial

Zla,-l.

is also a TI. For acyclic graphs, this quantity is identieal
with the Hosoya index Z:%

Z=3pGH,
k

where p(G, k) is the number of ways of selecting k edges of
the graph in such a way that no two of them have common
vertices. The Hosoya indices used for the estimation of
the physicochemical properties of hydrocarbons have been
tabulated. *»*

Individual eigenvalues, the sums of non-negative eigen-
values, etc. are also used as the TI.""® For example,
the maximum eigenvalue is used as the characteristic of the
degree of branching of the molecule.” The relation between
the coefficient of the polynomial R(G,x) and other invariants
of the MG has been discussed.? The spectroscopic charac-
teristics of MG have found applications in the theory of the
electronic structures of conjugated systems. These questions
are considered in greater detail in Section IV,

5. Information Topological Indices

One of the ways of comparing molecular structures in terms
of the topological approximation consists in the calculation for
each of them the number of structural fragments of a
specific type and subsequent comparison of these quantities.
Since the structural fragments of one type can differ in terms
of some feature, they can be classified further with different
degrees of detail. We shall assume that a certain criterion
has been selected for the classification, which leads to the
subdivision of the set of the chosen structural fragments X,
consisting of n elements, into k equivalence classes X;, and

n=\m,
i

where n; is the number of elements in the set X;. Definite
information about the molecular structure, which can be
characterised quantitatively, is associated with each selection
of the numbers (n;,...,n). The quantity n;/n can be
regarded as the probability of finding the fragment from the
class X; in the structural formula of the molecule considered.
Therefore, for a quantitative assessment of the information
about the molecular structure contained in the set of numbers
(ny/n,...,n /n), use is made of the entropy of the distribution
of the probabilities I and the associated quentity I = nI,
which are calculated from the formulae

7=—;-"T‘log,-';i, l=7n=n]og,n—§n,]og.n;,

The quantities I 2 0 and I 2 0 can be used to estimate the
degree of inhomogeneity of the set of the selected structural
fragments of the molecule. This method of interpretation
is based on the following properties of the entropy: for the
most inhomogeneous subdivision (i.e. when n; = 1/n, i =
1,...,n), the quantity I assumes its maximum value, which
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is log ,n, while for the most homogeneous subdivision (i.e.
when one of the numbers n; is 1 and all the others become
zero), I attains its minimum value, which is zero. The
function I is sometimes referred to as the average information
content of the given subdivision and I is the information
content of the subdivision. The use of such terminology is
associated with the fact that in information theory formulae
of a similar type are used to characterise the amountof
information contained in a message of a special type. The
specification of the number n;/n can be interpreted as a
message about the composition of the set X. Furthermore,
the formula for the index I is analogous to the expression
for the thermodynamic entropy.®

At the present time, a series of TI, referred to as the
information TI, are used in structural chemistry. All these
indices are constructed in accordance with the principle
described above: initially a certain set X, consisting of the
structural fragments of the molecular graph, is selected and
then it is subdivided into equivalent classes X; and the quan-
tities I and I, which depend on the chosen set of structural
fragments and the criterion constituting the basis of the sub-
division of the set X into classes, are calculated. We may
note that the methods used to construct quantities of the
type I and I fit within the general scheme for the construc-
tion of TI described in subsection 1. In this case, the
set = (ni/n,...,n;./n) is an IS and the symmetrical func-
tion F has the form

F(xy, co0y %) ==~—2xtlog,x;.

We shall deal brirefly with certain TI of the information
type used in the analysis of molecular structures.

(a) Allowance for the atomic composition in the wide
variety of types of chemical bonds. The information indices
were first used in theoretical chemistry in a study *2 where
the assembly of all the atoms of the molecule was considered
as a set X and the assembly of atoms of a single type i were
treated as the subsets X;. The degree of inhomogeneity
of the elemental composition was characterised by the
information-theoretic index Iy¢. Subsequently the index
I+ was modified; % apart from the elemental composition,
account was taken also of the valence of the atoms. The
inhomogeneity of the molecular structure was then estimated
with the aid of the Morowitz formula

Imor= 1, + Zfltl()&tl )

¢
where the numbers t; are calculated from the valences of
atoms of the ith kind. The index Ig, characterising the
variety of chemical bonds, was determined analogously:s'*

13=Blog,B—-ZB;log,B; R
1

where B; is the number of bonds of type i (for example,
single, double, and triple) and B is the total number of
bonds.

(b) Allowance for the symmetry of the molecular graph. It
has been suggested * % that the vertices of the graph be
subdivided into equivalence classes in such a way that the
vertices of different classes cannot be interconverted what-
ever the automorphism of the graph. For example, it is
possible to combine in a single class vertices having the
same degrees, the same number of second neighbours, etc.
The "finest" subdivision is generated by the orbits of the
group of automorphisms of the graph. The information index
Iorp corresponds to such subdivision into classes. In order
to characterise the molecular structure, the sum of the auto-
matic and orbital indices has been introduced:
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Irasu= Iyt + Loy

(c) Chromatic information index. The graph G is said to
be k-colourable if its vertices can be coloured by k colours
in such a way that each vertex has neighbours of another
colour only. The vertices of a graph coloured in this way
can be divided into non-intersecting classes. The elements
of each class have the same colour and are not connected.
The smallest number k = k(G) for which k-colouring of
the graph is possible is called the chromatic number and the
corresponding subdivision into classes is called the chromatic
resolution of the vertices.

Suppose that V is the chromatic resolution of the vertices
of the graph and n;(V) the number of vertices in the ith
class [i = 1,...,k(G)]. The chromatic information index has

been introduced:%®
3 ) KO 5 ()
Ichr = m‘l/ﬂ {__ 2 :

i=1

(V)
log, -

and Iophp and Torb have been compared. In particular, it
has been shown that, for monocyclic structures of any size,
Iorp = 0, since all the vertices belong to the same orbit of
the group of automorphisms of the graph, but I ;. # 0 for
such graphs. However, for certain molecular graphs,
Iohr = Iorb- The chromatic index can be determined
analogously also for the edges. Chromatic information
indices have been used in the analysis of the properties of
alternant hydrocarbons. The conditions for the existence of
the Kekul€ structure of aromatic hydrocarbons have been
formulated in terms of the chromatic indices.™

(d) The matrices of the graph and information indices.
The set of the elements of the adjoint matrix A of order n,
whose elements are zero or one, can be subdivided into two
classes consisting respectively of zeros and ones. If n; and
n, are the numbers of elements in these classes and n? =
n, + n,, then the quantity

2 n
Ty=— 2, vy Ogn
=1
characterises the inhomogeneity of the composition of the
set of the elements of the matrix A. The information indices
can be constructed analogously for the edge adjacency matrix,
the cycle matrix, the incidence matrix, etc. %% Information
indices have been used in a number of studies to analyse the
structure of IS consisting of the degrees of the vertices {v;}
or the distance degrees of the vertices {d;}. Any two
elements having equal values were assigned to the same class.
The information indices correspondmg to these subdivisions
were denoted by ViE ‘4 and viE respectively. The information
index Iconn’ defined on the bases of the edge adjacency
matrix, can be constructed analogously: the non-zero ele-
ments of the matrix are subdivided, for example, into the
orbits of the group of automorphisms of the matrix. If
ne g is the number of elements in the ith orbit and n, the
total number of non-zero elements in the matrix, then

- n
¢,

Toonn=— <L
R

(e) The use of compound topological indices for the con-
struction of TI of the information type. Some of the topologi-
cal indices considered above are represented by the sum of
local or integral TI. Such indices can be conveniently
referred to as compound. For example, the Wiener (W),
Hosoya (Z), and the Randi¢ (y) indices as well as the
Balaban centric index B are compound. New indices of the
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information type have been derived in a series of studies on
the basis of these TI. In their construction, the set of
components whose sum yields the initial TI was subdivided
into classes in some way. For example, the Wiener index
W, which can be written in two equivalent forms, i.e.

. 1
W:g ig=— 2; d,
= M
has been used to construct the indices Ig Ig, Ig, ID’ and
I Ig, which are defined by the following formulae:™*:°

=Wlog, W — D gilog, ; 7:‘3’=—2gf;’;log=—fl7.
i i

lg n(n—l

log, 21 _ g, l0gi;

[D___.E _.igj___.;

In(n n(n—])

b =ow log22W — Ddilog, d;

In these formulae, gj is the number of pairs of MG vertices
at a distance j and d; the distance degree of the ith vertex.
Analogous expressions have been constructed also for the
indices B, Z, and ¥, for example:'®

Z“P(G k)]

P(G L

(f) Information indices and long range effects. As stated
in subsection 3 of this Section, TI which depend on the
structure of different coordination spheres of the MG vertices
(for example, the indices K; for [ = 2,3) are used in theoreti-
cal chemistry. In this subsection we shall consider a series
of information-theoretic indices of analogous types. The
definition of these TI is based on the subdivision of the set
of graph vertices into equivalent classes, in which the charac
ter of the immediate environment of the vertices, including
their degree and the multiplicity of the corresponding
edges, is taken into account in detail.

Two vertices i and j belong to the same class if, firstly,
they correspond to atoms of the same type and have equal
degrees; secondly, each of these vertices has the same
number of first neighbours iy, ..., i, and ji,...,jp,; thirdly,
there exists a mutually unambiguous mapping of the set of
vertices i3, ...,1, on the set of vertices ji,...,Jjpy, iy < jB,
for which the vertices iy and ig correspond to atoms of the
same type; fourthly, the orders of the vertices i, and ig
are identical, i.e. Vig T Vi fifthly, the multiplicities of

]

the edges (i, iy) and (j, ig)Bare identical. Only TI of
information-theoretic type have been compared with this

type of sub-division of the vertices of the molecular graph
into equivalence classes:® 2 1IC (Information Content),
ISIC (Structural Information Content), CIC (Complementary
Information Content), and 'BIC (Bonding Information Con-
tent), which are defined by the formulae

J1SIC = ue ;

loggn

HC=— Z i“—l g:
CIC= logzn— ye,; 1BIC=‘IC/log2q .

In these formulae, n is the number of graph vertices, n; the
number of vertices in the ith equivalence class, and q the
number of graph edges. The index CIC characterises the
deviation of the topological index IC from its maximum value
1ICmax = logon. The differences between other coordination
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spheres can be taken into account analogously, which leads
to the indices KIC, cic, KsIC, and KBIC; ® the symbol k
characterises the order of the coordination sphere.
Together with the information topological indices “IC, etc.
mentioned above, use is also made of "weighted" information
indices ” based on the subdivision of the graph vertices into
the equivalence classes described above. However, in this
case a weighting factor equal to the van der Waals volume
of the corresponding atom is attributed to each vertex and
then the weighting factors of the vertices referring to the
same class are added together and the index
v,

is
Py log,

i
Uis
. and v,=2 Uis

1

HC=—3

=1

where v;o is the sum of the weighting factors of the vertices

of the ith class and j is_the number of classes, is calculated.

The topological indices kSICv, kBICv, and kCIC\, are deter-
mined analogously.

We may indicate yet another information index Igyy, which
is used to characterise the molecular structure but is not
topological in the generally accepted sense. The definition
is based on allowance for the molecular symmetry and has
been proposed in a study ™ where the following criterion of
the equivalence of atoms was introduced: the atoms are
assumed to be equivalent if they are interconverted by some
kind of operation involving the symmetry point group of the
molecule.

i=1

6. Other Topological Indices

The adjoint matrix of the graph A = (ai]-) can be used to
construct certain other matrices, which are useful in finding
new IS and hence also other TI. For example, in the method
of potentials, which is used to establish the isomorphism of
graphs,"a the matrices L = (lii) and H(hii), where lij =
-a;,d =), ljj =v; +1, and H = L7, are defined. The
matrix DF = (aff) with the elements aff = 0.5(hy; + hjp-h
has been introduced. ® The matrices L, H, and D have
been used to define new topological indices:

ij

[1df detL, det 4.
i
We may mention several further graph invariants, which

are discussed in the mathematical literature»* but which
have not so far found application in theoretical chemistry
as TI: the numbers of the vertex and edge coverings, the
vertex and edge independence numbers, thickness, edge
connectivity, deformability, and certain others. In conclu-
sion we may note one other TI for simple graphs, which is
known as the minimum binary code.*® For its construction,
each adjoint matrix of the graph is formulated and a single
row of length n2? made up of zeros and ones. Each such
row can be regarded as the binary formulation of a certain
number. The smallest of all these numbers, corresponding
to the adjoint matrices, is in fact referred to as the minimum
binary code. We may note that the calculation of such a
code for large matrices is fairly laborious.

7. Relation between the Topological Indices and Their
Comparison

As shown above, hitherto numerous TI of different kinds
have been defined. Most of them have found application
in the analysis of molecular structure and in the construction
of correlations between structure and property. Some of
these TI are linked by simple relations. The examples of
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such functional relations have been discussed above. Undis-
covered relations of some kind probably exist also in many
other cases. The results of testing the approximate equali-
ties of the type Tj = a + bT; for certain pairs of topological
indices T; and T; have been reported.”™ The constants a
and b were fitted by the method of least squares. Such
analysis has been carried out for TI of three series of hydro-
carbons—alkanes, polyalkylbenzenes, and monocyclic struc-
tures. It has been shown” that approximate linear relations
with a fairly high correlation coefficient r (0.84 <r <£0.,99)
exist between the indices W, Z, x, N,, A,, and M,. On the
basis of such an investigation, one can postulate that the
indices of one group carry approximately the same information
about the structure of compounds of the given classes.

Certain indices, for example, Ifj and IZ, can be fitted by
second degree polynomials in terms of Hosoya (Z) and
Wiener (W) indices as well as other T1.”®

We shall now proceed to the estimation of the quality of the
TI. In coding chemical structures with the aid of TI, it is
desirable that different structures should receive different
index codes. However, one cannot establish a mutually
unambiguous correspondence between the set of square
symmetrical matrices, describing the topology of the molecule,
and the set of real numbers. It is therefore always possible
to select two different structures having the same values of
the TI. Consequently, any TI is degenerate with respect
to structures of some kind. Topological indices are usually
compared in terms of their capacity to "differentiate" com-
pounds of a certain class, i.e. in terms of the degree of
their degeneracy. TI are usually employed to differentiate
isomeric compounds. For example, the Balaban index J(G)
is subject to a comparatively small degree of degeneracy.
Such degeneracy appears for alkane isomers only in molecules
where the number of carbon atoms is greater than 20. Inorder to
obtain TI with a smaller degree of degeneracy, superindices,
equal to the sum of simpler TI, or multi-indices, which constitute
an ordered sequence of topological indices, are used.**” The
question of the degeneracy of different TI has also been dis-
cussed in a number of publications, *%%,7-%

The effectiveness of 19 TI, used to identify chemical
structures, has been investigated. &  The quantity e =
n/N —t/T, where n is the number of different values of the
index in an assembly of N structures and t and T are the
average time of the calculation of the index and the time
required to test the isomorphism criterion respectively, has
been used as a characteristic of the effectiveness of the TI.
Indices defined in the method of potentials *® and the Randié
index® have been recognised as the most effective. One TI
is regarded as "better" than another (in the estimation of
the given physical property) if the correlation equation
obtained with its aid is more accurate.

8. Topological Indices as Characteristics of the Shape and
Size of Molecules

It has been suggested that certain TI be used to charac-
terise the degree of branching and the shape of molecules.®
According to intuitive ideas about the degree of branching
for a specified number of vertices, the chain and star graphs
have the least and most branched structures respectively.

In terms of the degree of branching, the remaining struc-
tures occupy an intermediate position between them. Certain
indices considered above, for example W, x, B", X;, and 2«
have the property involving their assumption of the smallest
(or greatest) value for the chain and of the greatest (or
smallest) value for the star.# It has therefore been

#See also L.B.Kier, Quant.Struct.-Act.Relat., 1987, 6, 8.
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suggested that they be regarded as measures of the branching
of the structure. Another piece of evidence in support of
the selection of these branching characteristics is the exis-
tence for a number of TI of relations of the type

T,=a+bn+cn,+dn, [75],

where n, is the number of branching points, n, the number
of side chains connected to the main chain, and a, b, ¢, and
d are constants.

Topological indices also vary in parallel with molecular size.
It has been noted that, ® for a series of compounds, the
van der Waals volume of the molecule varies linearly with
molecular refraction (MR) and determines the value of the
latter to the extent of 90%. Correlations have been found
between MR and TI, i.e. relations of the type R = a + bTI"
for 17 TI and it has been concluded that the van der Waals .
volume can be estimated fairly accurately with the aid of the

indices W and M and the two information indices I§ and %.%

111, THE USE OF TOPOLOGICAL INDICES FOR THE
ESTIMATION OF PHYSICOCHEMICAL PROPERTIES OF
COMPOUNDS

The traditional methods for the estimation of physico-
chemical properties of compounds are based on additive
schemes. In the classical theory of chemical structures,
it is postulated that certain physicochemical properties of
organic compounds (for example, the heat of formation,
the boiling point, the polarisability, the dipole moment,
ete.) can be calculated as the sum of the contributions
€, &> and g, corresponding to the effective atoms i,
the bonds (i, j), and pairs of valence- non-bonded atoms

k, 1) of the corresponding molecules." In the simplest
case, this approach presupposes a fairly detailed classi-
fication of the vertices and edges of the MG and is based
on the hypothesis that the contributions ¢, for fragments
x of one type are independent of the choice of the molecule
of the class under consideration.

This additive scheme for the calculation of molecular
properties permits a series of modifications. Thus, one
of the versions of additive schemes reduces to the repre-
sentation of the numerical value y of the given property
of a chemical compound by the linear function

y= Zak.,

defined on the basns of the correspondmg MG. In this
formula, the index i characterises a MG fragment of a
specific type, which can have a fairly complex structure,
k; is the topological index equal to the number of such
fragments and g; is the contribution by each fragment of
the ith class to the given property; the numbers a; are
independent of the choice of compounds. As an example,
we may point out that the heats of formation of alkanes
AH %99 can be calculated approximately from the formula

HYos, (kcal mol™!) = 16.625 4 4.158N, 4- 1.074N, — 0.431N; ,

where N; is the number of paths of lengths i on the MG
correspondmg to the carbon skeleton of the molecule.

We shall now discuss the results of other studies in which
different modifications of the simple additive model have
been realised. In most of them, the physicochemical
properties of alkanes are discussed. We may note that
certain properties of hydrocarbons are satisfactorily
correlated with the number of carbon atoms. ™%  Thus
the heats of atomisation and molar refractions of normal
alkanes vary linearly and the boiling point and density
vary non-linearly with the number of carbon atoms. How-
ever, the properties of branched hydrocarbons can no

199

longer be described in terms of the single parameter n,
since in this case the degree of branching of the molecule
also plays a significant role.'°§ Wiener has suggested in a
number of studies®>*-% that properties of alkane isomers
such as molar refraction, molar volume, the boiling point,
the heat of formation, etc. be described with the aid of
equations of the type

y—Yyo=a(W—W,) + b (p—p,)

where y is the numerical value of the given property, W the
Wiener index for the MG corresponding to the carbon skeleton
of the molecule, p, g; the so called polarity number, y,, w,,
and p, are the corresponding characteristics for a normal
alkane, and a and b are constants which depend on the
property investigated. The value of the index W is inter-
preted as a quantity characterising the degree of branching
of the isomer. For example, the following formula has been
obtained® for the boiling points of alkanes t:

t—t,, C=2T=W) 4550 —p),

where
£, =745.42 log (n + 4. 4) — 689.4; W =-:;- (*—n); py=n—3,

The correlations of the type described above have been
analysed,”? which has led to a conclusion concerning the
cases where such indices can be usefully employed. Thus
it has been shown that the heat of formation and molar
refraction are best described in terms of the invariants
f and p (f is the Platt index) and the heat of evaporation,
the boiling point, and the molar volume can be most usefully
described in terms of the indices p and W. The heats of
formation of alkanes are most accurately described by a
three-parameter correlation with the indices p, W, and f.
Subsequently the Wiener index was used to estimate the
properties of other hydrocarbons also. Relations between
the Wiener index, on the one hand, and the boiling and
melting points, surface tensions, viscosities, densities,
and refractions of alkanes, alkynes and alkenes, as well as
the boiling points of arenes, on the other have been pub-
lished.'™2  The index W has found applications also in
other branches of physical chemistry: for the estimation of
the width of the forbidden gap in the melectronic spectra of
conjugated micromolecules, * *>* in chromatography, %%
and in crystal theory.”’“"’

In a number of studies, the Hosoya index has been used to
estimate the thermochemical properties of hydrocarbons of
this type. %™ A linear correlation between the boiling
points of alkanes and both the index Z and the index

P=T{u[31].

has been reported.® The index Z has also been used to
estimate the bond orders and m-electron energies in conjugatet
hydrocarbons. 1%, 102

It has been shown that the octane numbers of acyclic
hydrocarbons can be estimated fairly satisfactorily in terms
of the centric indices B, B’, and B" (especially the binorma-
lised index B").'® The introduction of an additional param-
eter—the number of carbon atoms or the molecular weight of
alkanes—increases the accuracy of the estimate.

Among other TI used to estimate the physicochemical
properties of compounds, the connectivity index !y and its
varieties, especially 2x, xV, and 2V, have enjoyed the
greatest popularity. Relations have been obtained +19,3%104105

§ See algo J.8.Chickos, R.Annuziata, L.H.Ladon, et al.,
J.Org.Chem., 1986, 51, 4311.
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between these quantities and various physicochemical proper-
ties. We shall quote several examples of such equations.

It has been shown * that the heat of formation of alkanes

AH; can be described approximately by the formula

AHf (kcal mol™) =12y — 11n—9,

where n is the number of carbon atoms in the molecule. An
equation relating the heats of atomisation of monohydric alco-
hols AH, to the connectivity index x and the number of non-
hydrogen atoms n has been published:*

AH, (kcal mol™") = —21.9264-22.275Ay + 559.975y.,,
(r>0.9999; s=1.01; N=19)

where AX = x—Y, and x, = 0.5(n—3) + 2Y/2 is the con-
nectivity index for a normal alcohol. It has been noted
that the separation of the contributions by the group OH and
the carbon skeleton to x, i.e. the use of two independent
parameters XOH and xC instead of the sum ¥, reduces the
standard error s by 30—40%. The density d of carboxylic
acids can be estimated in terms of the parameters 1/x and °y
by means of the formula?®’

d(g cm™®) =0.7546+0.4358;~* +0.0252% (r=0.983; s=0.014; N=20)

Table 1. Correlations between physicochemical properties
and connectivity indices. *
Class of compounds N r Refs.
Solubility in water
Alcohols 51 0,978 110
Di‘i‘l’no 48 0,988 37
Ditto 51 0.965 (111
Alkanes 18 0.958 {110
Alkylbenzenes 13 0.989 {10)
Esters 38 0.990 [35]
Ethers 22 0.989 [10]
Boiling point
Alcohols 63 0.970 [110]
Di':?o © 48 0.993 37
Ditto 28 0.999 10/
Alkanes 51 0.997 10
Primary amines 12 0.999 {10
Secondary amines 13 0.999 {10;
Tertiary amines 4 0.997 [10]
Alkyl halides 24 0.992 {37
Ethers 11 0,988 PO
Polyols 9 0.995 37
Carboxylic acids 22 0.996 112
Surface area of the molecule
Alkanes and alcohols | 69 | 0.978 | 34)
Density
Liquid aliphatic hydrocarbons 82 0.989 [113]
H)?d.rocarbons 13 0,910 {10}
Aliphatic alcohols 42 0.931 113]
Aliphatic acids 20 0.983 113
Aliphatic ethers 13 0.910 [10]
Diamagnetic susceptibility
Hydrocarbons 27 0.999 {10}
Ai::ohols I 15 0.999 | {10]
Excluded volume
Binary mixture of n-alkanes | - | — | [114})
Heat of atomisation
Alkan: 44 0.999 {10
Alcohiis 19 0.999 [10]
g sm | o
Olefi B
Thiols 14 0.999 110}
Heat of formation
Alkanes 67 0.999 {101
Alcohols I 20 l 0.998 I [10}
Heat of evaporation
Alkanes 4 0.999 I 40}
Alcohols t 20 , 0,998 10}
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Table 1 continued.

Class of compounds N r Refs.

Molar refraction

Alcohols 3 0.998 10]
Alkanes 46 0.999 10]
Amines 22 0.988 10
Alkylbenzenes 70 0.999 10
Ethers 9 0.999 {10
Mixed group of compounds 65 0.990 10}
Olefins 39 0.999 10
Phenyl-substituted compounds 25 0.990 {37
Molar volume
n-Alkanes at 20 °C 14 0 999 1114}
n-Alkanes at 50 °C 13 l 0,999 |114)
n-Alkanes at 100 °C 15 €.999 1114]
Polarisability
Mixed group of compounds | 36 | 0.990 | [34]
Partition coefficient between water and 1-octanol
Alcohols 49 0,997 115
14 0.999 116
A,l;nines 12 0.998 116
28 0.979 115
Carboxylic acids 9 0.996 Hs5
Hydrocarbons 45 0.975 145
Esters 24 0.999 115
Ethers 12 0.976 115
Ketones 16 0.993 115
Phenols 16 0,988 116
Mixed group of compounds 66 0.970 116,
Ditto 138 0.986 115
Gas chromatographic retention indices on squalane
Alcohols — 0.994 118
Esters — 0.991 118
Ethers — 0.968 118
Ketones —_ 0.996 118
Van der Waals constant b
Mixed group of compounds | 20 ] 0.981 | {37]
Positronium annihilation cross-sectional area
Benzene and its derivatives 17 G.997 [117]
Alkanes 47 0.999 [117]
Halogeno-compounds 3 0,998 [147)
Oxygen-containing compounds 46 0.998 [117)
Unsaturated compounds 33 0,984 {117]
Mixed group of compounds 182 0.996 (117}
Notation. N is the number of compounds and r the correla-

tion coefficient.

The topological index ¥ proved to be useful in chromatog-
raphy for the estimation of retention indices. ™ However,
in this case, together with y, it is necessary to use also
other topological characteristics of the molecule, describing
its size, for example, the number of paths of length 3 or the
number of six-membered rings in aromatic hydrocarbons. *

We shall now proceed to information TI. It has been
shown that the Morowitz index Iy gy is correlated with the
entropies and heats of formation of organic compounds of
different classes.»'® Equations of the type

y=a+bntclf +difn,

where a, b, ¢, and d are constants, have been used to
estimate the molecular volumes and properties of hydro-
carbons such as heats of formation, oxidation, and evapora-
tion and the boiling points.'%*:17 A relation between the
index Ip) for alkylbenzenes and their chromatographic reten-
tion parameters has also been reported. Analogous rela-
tions have been obtained likewise for the index I£ in the
case of o-dialkylbenzenes and isoalkanes.® Thé index
™ has found an application in the estimation of different
tgermochemical properties of alkylbenzenes.®® There is an
equation* relating the heat of evaporation AL 5 of alcohols
and the index Igph:

AL 505 (kcal mol™)=0:12657 .+ 8566 (r==0.989; s=0414; N=15).
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A linear relation has been established between the entropies
of alkanes, alkenes, alcohols, and organic acids and the
information index I ,.”™ Other examples of the use of
information topological indices have been discussed in a mono-
graph. **

Table 1 summarises data on some of the relations described
in the literature between the connectivity indices and various
physicochemical properties.

1IV. TOPOLOGICAL INDICES AND BIOLOGICAL ACTIVITY

One of the most important applications of TI involves their
use to establish quantitative relations between the structure
and biological activity of molecules. Biological activity is
usually estimated in terms of the molar concentration of the
substance necessary to attain a specified level of biological
activity. Various parameters are used as characteristics of
biological activity, including LDg (or LCg), representing the
dose which destroys 50% of the organisms tested, the dose
EDg, of the antagonist which lowers by 50% the effect of the
standard dose of the agonist, the concentration MIC of the
inhibitor which suppresses the growth of the experimental
biological object to a minimal level, the molar concentration
Is; of the inhibitor which reduces the rate of the enzyme-
catalysed reaction by a factor of two, etc. 12 The hydro-
phobicity parameter 1g P (P is the partition coefficient of the
given compound between water and a lipid-simulating phase,
usually 1-octanol) as well as the Hammett and Taft constants,
reflecting the electronic and steric structures, are most often
used as empirical parameters in the study of the relation
between structure and activity. An extensive bibliography
on the methods used to establish a relation between structure
and biological activity has been published“:!* and the
principal molecular characteristics used to solve this problem
have been described.

Among the TI used to investigate biological activity, the
molecular connectivity indices, especially the Randié index ¥,
have found the most extensive applications. We shall con-
sider certain examples of the use of indices of this type.

A correlation between 1lg MBC and the index x has been
found by Kier et al. * from the results of Agin et al.?® for
a series of anaesthetics (aliphatic aleohols, ketones, ethers,
amines, phenols, heterocycles, and hydrocarbons):

1g MBC =3.55—0.762y (r=0.983; s=0.390; N=36).

Here MBC is the minimum blocking concentration of the
anaesthetics for isolated muscle or nerve fibres. We may
note that a relation between lg MBC and the polarisability

a has been discovered for the given group of compounds 120
and a correlation has been found® between o and x. These
facts have served as the basis of the above equation relating
lg MBC and .

Certain relations between the index ¥ and biological activity
have been discussed. 52,12  The discovery of linear cor-
relations between ¥ and lg P and also between lg P and the
biological activity of aliphatic alcohols made it possible to
establish a linear relation between ¥ and biological activity . °

The narcotic effect of alcohols on the larvae of certain crusta-

ceans and the inhibition of the movement of tadpoles have
been considered as a manifestation of the biological activity
of such substances. For aliphatic aleohols, ethers, esters,
ketones, and carbamates, relations have been found between
the index X and the non-specific narcotic activities of the
above compounds on tadpoles (N = 36).'® The dependence
of the non-specific toxic activity of monofunctional alcohols,
ethers, and ketones on fungi of a particular species and the
index x (N = 45) was considered in the same study. A
linear correlation has also been reported'? between the index
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x for a series of compounds and the inhibition of the enzymes
succinate oxidase, thymidine phosphorylase, and butyryl-
cholinesterase. Thus an equation of the following type has
been obtained for a series of saturated and unsaturated ali-
phatic’ alecohols, ketones, phenols, aniline, and pyridine,
which inhibit succinate oxidase:

—lg1,,=09165—1.582 (r=0.966; s=0.169; N=13).

Quadratic correlations between 1g Iy, 1lg LC g, and quantities
such as lg P and x have also been described. Such corre-
lations have been observed, for example, in estimations of
the bactericidal activities of alkylbenzylmethylammonium salts
and of the narcotic activities of 5, 5-dialkylbarbituric acids
on certain animal species. 16,689,122

Correlations between the connectivity indices and parameter
of types of biological activity such as non-specific narcotic
activity, enzyme inhibition, bactericidal activity, toxicity,
and anaesthesising activity have been examined in a mono-
graph.® The possibility of estimating the taste and smell
of substances with the aid of topological characteristics of
molecular structure has been discussed in the same publica-
tion. Thus the relative sweetness RS of nitroanilines of the

type

R—O—>// >_No,
NH,
is expressed in terms of the parameters 'y and yV in the

following manner:
lg RS=0.350 'y +0.694 *x*—3.856 (r=0.953; s=0.222; N=9),

According to one of the theories of smell, the smell of a
substance is determined by the shape and size of its mole-
cule. ' It has been suggested’ that molecular shape be
characterised by the parameter x/n and the hypothesis was
put forward that substances having identical smells should
have similar values of x/n. To confirm this hypothesis, a
list of structurally different substances having the almond
smell and similar values of ¥ /n is quoted.

Together with the first-order connectivity index, higher-
order connectivity indices have been considered in a number
of studies.'®  For example, the topological index 2xV,
calculated for phenol derivatives, has been used to analyse
their antifungal activity characterised by the parameter MIC.

We shall now consider other topological indices. A series
of correlations between the indices Iopp and I, on the
one hand, and the inhibition of enzymes, alcohols, and their
non-specific narcotic activity and toxieity, on the other, has
been discussed in a monograph.*

Systematic studies on the "structure—biological activity"
problem, based on the information indices IC, SIC, BIC, and
CIC, have been carried out.® 7%  The relation between
the structure and toxicity of ethers, characterised by the
parameter LDg, has been analysed. s°_ The quantities y,
%Y, xV, W, IC, SIC, CIC, W, and T} were used as the
TI and it was established thatDt e most suitable structural
characteristic among those quoted is the index 'YV in this
instance. A correlation equation of the following type has
been obtained in terms of the TI:

Ig LDy, =—0.7207 x*—1.3868 (r=0.938; s=0.246; N=15) .

The indices IC, CIC, 'y, xV, Ig, %, and W as well as

the parameters lg P and the van der Wgals volume V., have
been used as structural characteristics to estimate the
anaesthesising activities of barbiturates. % Four groups of
biologically active molecules have been investigated by
Basak et al.:% alcohols (toxicity); barbiturates (anaesthetic
(I); ketobemidones (analgesics) (II), and triazinones
(herbicides) (III). There were all characterised with the
aid of the indices W, IC, SIC, CIC, If§, T, 1y, ana xV.
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It was established that the most convenient structural charac-
teristics in such cases are the indices CIC and 11“)7 and the
most suitable type of functional relation is quadratic.

The indices IC, SIC, and CIC are used to characterise
derivatives of piperidine (inhibition of butyrylcholinesterase),
barbiturates (hyponotic activity), alkanes (foxicity), ali-
phatic alcohols (local anaesthesia, narcotic effect on crusta-
cean larvae), and a mixed group of compounds which are
tranquillizers. %%

The antitumour activity of triazenes of the type

o

]
N e N
HO—C—{ __ »~N=N-N

has been estimated with the aid of a linear function of two
variables 1g P and 2BIC.'* The same type of biological
activity has been considered in a study ® where a wider set
of parameters was used, namely 1g P, Vy, IC, and SIC. The
index SIC is also useful in the analysis of the biological
activity of triazinones (herbicides) and N- alkylnorketobeml—
dones (analgesics). ™ The higher-order indices KCIC, XIC,
and kgyc, where k > 1, have been used® to analyse the bio-
logical activity and structures of a series of organic com-
pounds. In particular, correlations of the type lg LDg =
ay? + by + ¢ between the toxicity of barbiturates (LDg) and
characteristics such as lg P, W, Ig Ig, v, %siIc, ciIc,

and 'yA have been described. The most accurate correlation
has been obtained using the indices 2SIC and *CIC.

In some of the studies enumerated above, it is emphasised
that the use of TI as structural parameters instead of
characteristics such as lg P leads to more accurate correla-
tions. The presence of several correlations, obtained in
terms of different structural parameters, for the same
property makes it possible to identify those which are most
significant for the given property. Hypotheses concerning
the mechanism of the action of active compounds can be con-
structed on the basis of such analysis.

The application of the index 2« (see above) in the quanti-
tative estimation of the properties of chemical compounds has
been discussed.* For example, it has been suggested that
the index 2k be used as the characteristic of the molecular
shape; it has been shown that, for similar values of 2k
(i.e. for similar shapes), the substances have similar smells.
A relation has been established between 2k and the bactericidal
activity of phenol derivatives with halogenoalkyl substituents:

1g PC=1.817*x—0.131 (*x)*—2.899 (r=0.955; s=027;, N=49),

where PC is the minimum concentration of the substance
inducing specified biological effects in 10 min. The index
2¢ has also been used™ to estimate the sweetness of nitro-
and cyano-anilines.

Together with the TI mentioned in this Section, a series
of topological indices, originating from the study of the
electronic structures and chemical reactivities of biologically
active compounds with the aid of topological approximations
of quantum chemistry, have also been used in estimating
biological activities. This field developed most vigorously
in the 1960' s and it has been described in detail in a mono-

graph, %

Russian Chemical Reviews, 57 (3), 1988

V. QUANTUM-CHEMICAL METHODS AS A SOURCE OF
TOPOLOGICAL INDICES

1. The Hiickel Method and Graph Theory

In the examples considered previously, the TI arose as
a rule as a result of the formal analysis of the structure of
the molecular graph. Such analysis was supplemented in
many instances by qualitative considerations concerning the
choice of criteria for the estimation of the degree of branch-
ing or compactness of the molecule. In this Section, we
shall discuss T1 which appear naturally within the framework
of certain mathematical models used to investigate the elec-
tronic structures of molecules. We shall follow in relation
to one such model how the solution of the problem of the
electronic structures of conjugated molecules reduces to the
analysis of the TI of certain MG.

A molecule with a system of conjugated double or triple
bonds contains as a rule a fairly extended planar fragment,
which makes it possible to sub-divide the electronic system
into two parts—the o- and m-components—and to investigate
each system independently.®® Later we shall consider
only the m-electron system assuming that it exists in a certain
effective field generated by the atomic nuclei, the electron
inner shells, and the ¢ electrons participating in the formatio:
of localised two-centre oc-bonds. In the case of conjugated
hydrocarbons, the number of 7 electrons is usually the same
as the number of carbon atoms forming the conjugated part
of the molecule. The structure of the conjugated part can
be described by a molecular graph in a simplified form. It
is obtained from the complete MG by removing the vertices
corresponding to univalent substituents.

The properties of a system incorporating m m electrons are
known %1% to be described in terms of one-electron energy
levels g, and the corresponding molecular orbitals

§a (r) hl Z Ci(”(PJ (')

=1
where ¢.(r) is an atomic 2p, orbltal centred on the jth atom
of the conjugated part of the molecule. We shall denote
by ¢(%) the unit vector with the components cl(k), woaclk),
Then, in the case of hydrocarbon systems, the vectors m
c and one electron ener%?cr levels are found by solving
the system of equations He =g el , where H = oF +
BA, E is the mth order unit matrlx A the adjoint matrix of
the MG describing the conjugated part of the molecule, and
a and B are the Coulombic and resonance integrals. For
heteroatomic systems, the matrix A must be replaced by the
adjoint matrix of the weighted MG.

We shall denote by >\ (where j = 1,...,n) the eigenvalues
of the matrix A arranged in decreasmg order. The one-
electron energy levels €; can be then represented in the
form €; = o + X;B, where 8 < 0. The eigen-vectors of the
matrices H and A are identical. The energy of the ground
state of the system with an even number of m of 7 electrons
can be calculated in terms of )\]- by the formula

m/3 m2
ea=2% g=ma+283 A
=1 f=1
The density matrix P, whose elements are

mj/2

p“=22 W™,
k=1

is defined in order to analyse the distribution of electron
density. The diagonal element p;; of the matrix P is called
the m-electron density at the ith atom, while the non-diagonal
element p;;, corresponding to atoms linked by valence bonds,
is called the order of the m-bond (i,j). The elements of the
matrix P are TI of the local type and in terms of these TI
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the formula of the total m-electronic energy of the ground
state of a conjugated system containing heteroatoms can be
formulated as follows:

&n == zaipn + 2 Ppiibii .
i i#f

where a; = H,, and B;; = Hif are respectively the Coulombic
and resonance intervals. It can be shown'? that the elements
of the matrix P characterise the response of a m-electron
system to small perturbations leading to changes in one of the
parameters a; or B.. and can be found as partial derivatives
of £, with respect to the corresponding parameters a; and
Bij' The use of the topological indices p;; for the interpreta-
tion of data on the chemical reactivity of conjugated molecules
is based on this property. ¥’

In the case of hydrocarbons, the expression for the energy
of the ground state e, includes as a rule only non-negative
eigenvalues A; of the corresponding MG. The energy levels
& located below the Coulombic integral a correspond to such
eigenvalues. The energy levels g; satisfying the inequality

. < a are called bonding.*® The term "antibonding" is
used to characterise the energy levels to which A; < 0 corre-
spond. On the other hand, if \; = 0, then ¢; ="a; such
an energy level is referred to as non-bonding. If the
number of bonding orbitals is m/2, then it is said that the
m-electron system has a closed (in the Hiickel sense) electron -
shell.

The character of the electron shell of conjugated hydro-
carbons can be interpreted in terms of the topological index
w =n,(G)/m, where n_(G) is the number of positive eigen-
values of the molecular graph G. If w = 1/2, then the
molecule has a closed (in the Hiickel sense) electron shell.
For w > 1/2, there is a deficiency of w electrons and, when
w < 1/2, there is an excess of 7 electrons. The presence
of a closed m-electron shell in a conjugated hydrocarbon mole-
cule is attributed to the stability of the m-electron system
and the molecule as a whole. **% Qualitative conclusions
used'®1* for @ priori estimates of the possibility of the
existence of chemical compounds are based on this precise
hypothesis. The results of studies’®™* where the problem
of the existence of polyhedral C,, carbon clusters is discussed
are based to a large extent on the criterion specifying whether
or not the electron shell is closed in the Hiickel sense. ¥

It follows from the data described in this Section that
the study of the electronic structure of conjugated systems
in terms of the Hiickel melectron approximation reduces to
finding a series of invariants of molecular graphs correspond-
ing to conjugated systems. We shall indicate the most
important of these quantities: the eigenvalues of the MG
{xj}, the sum of the positive eigenvalues

A= SN
Al>o0
the m-electronic charges on the atom py;, and the m-electron
bond orders pjj. A more complete list of the TI used in the
Hiickel method can be found in Table 2.

The TI used for the purpose of classification occupy a
special place in the theory of conjugated systems. They
include, for example, the conjugation energy and the topo-
logical resonance energy (TRE). The latter was introduced
by Aihara and Gutman et al. and has been used to esti-
mate the relative stabilities and degrees of aromaticity of
conjugated molecules. The topological resonance energy is
determined in terms of the zero values of the so called
acyclic polynomial in the construction of which use is made

9 See also D.J.Klein, W.A.Seitz, and T.G.Schmalz, Nature,
1986, 323, 703.
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of the combinatorial properties of the coefficients a; charac-
terising the polynomial P(G,x) of the molecular graph G.

It can be shown ? that each coefficient a; represents the sum
of the contributions corresponding to special subgraphs of

the graph G.

contain cyclic components.

Among the subgraphs, there are those which
We shall denote by af the sum

of the contributions introduced into the expression for a;
solely by the subgraphs which do not contain cyclic com-~

ponents.

called acyclic.

system.

The polynomial P(G,x) with the coefficients aj is

It has only real roots and is regarded as
the characteristic polynomial of the hypothetical m-electron
system with the same number of T electrons as in the initial

The difference between the energies of the ground

states of these two systems is called the topological resonance

energy.

the review of Graovac et al,

These questions are discussed in greater detail in
Certain new TI used to esti-

mate the degrees of aromaticity *»* have been compared. ™

Table 2.
method . 1%

Certain topological indices used in the Hiickel

Topological index (m = 2k)

Name

Application

Eigenvatues of the MG
adjacency matrix

Calculation of one-electron
energy levels E; = a + gA;;
interpretation of photoelectron
and UV spectra

Sum of positive eigenvalues
of the MG adjacency
matrix

Calculation of the energy of the ground
state of the n-electron system
(Eq = ma + 28\4); estimation
of the relative stabilities of the
j d systems; calculation
of the resonance energy

msz
2 c}k) c;h)
k=1

Pij=

Elements of the density
matrix: pj; is the
n-electron density at the
atom i and pjj at the
n-electron bond order

Bond orders—estimation of
bond lengths, force constants,
and chemical reactivity;
pji elements-estimation of the
dipole moments and
reactivities

Fl =Nmax—2 Pij
J#l

Free valence
index

Used as the reactivity index
in radical substitution
reactions; Npax is the maximum

permissible value of 2 Pij
i

for atoms of the given
type

Armjas "m/a+1;

lc;m:’z) ) R [c}”‘/""‘)]

The smallest positive
and the greatest
negative eigenvalues
of the MG adjacency
matrix and the
corresponding
eigenvectors

Estimation of the first
ionisation potential, electron
affinity, and the energy of the first
electronic transition; polarography;
theory of chemical reactivity

Notation: m = 2k = N is the number of centres in the con-~

jugated systems, where N is the number of 7 electrons;
)‘1' #0forj=1,..,m,

Various correlations between TI (of the Hiickel type) and
different physicochemical properties of conjugated molecules

have been described fairly completely in monographs.

125-127

The usefulness of the Hiickel method for the interpretation
of the photoelectron spectra of polycondensed aromatic hydro-

carbons has been discussed,*

It has been shown for more

than 250 compounds that the potentials of ionisation from the
upper mT-energy levels can be fitted with an adequate accuracy
(the standard deviation does not exceed 0.1 eV) by analytical
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expressions whose form is determined by the one-electron
energy levels and the bond orders.

Quantities such as the eigenvalues of the MG, the elements
of the density matrix, and other characteristics of the
molecular systems can be readily calculated with the aid of
a computer. However, these data, many of which have been
compiled in handbooks (see, for example, Streitwieser and
Brauman V), are difficult to interpret directly in structural
terms. Nevertheless such interpretation is of interest for
the understanding of the sources of the appearance of definite
functional relations between the structure of the molecule
and its properties. The field associated with the search
for relations between the results of Hiickel calculations and
clear characteristics of molecular graphs has therefore
developed fairly vigorously in recent years.' For example,
a complete series of approximate formulae of different degrees
of complexity has been obtained for the sum of the positive
eigenvalues of the MG, which, as mentioned above, is
linearly related to the total m-electronic energy. A catalogue
of the most convenient of these together with estimates of
their accuracy has been published. ¥ Analogous formulae
have been obtained for the maximum eigenvalue and also for
the difference between the smallest positive and greatest
negative eigenvalues of the adjoint matrix.®%2  The
latter quantity is of interest for the estimation of the
spectroscopic characteristic of conjugated molecules.

The mathematical model of the electronic structures of
unsaturated molecules described in this Section can be
extended also to the case where it is necessary to take into
account all the valence electrons (for example, to saturated
systems). One of the possible extensions has been proposed
in studies**s'® where the investigation of the electronic
structure of molecules in terms of the valence approximation
reduces to the analysis of the spectroscopic characteristics
of weighted graphs of a special type. The vertices of these
graphs correspond to different hybrid orbitals constructed
from atomic functions of the s and p types.

2. Relations between Certain Topological Indices of the
Quantum-Chemical Type

As mentioned above in Section II, a series of TI are linked
by simple functional relations. Some of these relations are
empirical and have been established by the method of least
squares. Similar relations have been obtained in a number
of studies® % %,1571% petween certain topological indices
defined in the Hiickel method and indices which do not have
a direct bearing on the method (such as, for example, the
connectivity indices, the Wiener numbers, and others). It
has been shown'® that, for conjugated hydrocarbons, the
first-order connectivity index !xV, determined from the

formula o — 2 (867)~%,

&
is fairly satisfactorily correlated with the total m-electronic
energy. In this formula 8y = z¥~h;, where z;" is the

number of valence electrons of the ith atom and h; the
number of univalent substituents of the given atom. Relations
of an analogous type have been established 1% petween the
charges on the atoms and the Mulliken bond orders obtained
by the extended Hiickel method for aliphatic hydrocarbons,
on the one hand, and the atomic connectivity indices x%’,
found from the formula

A= ; (8r87)~"

on the other. Such formulae are useful, since they make it
possible to imitate fairly simply the results of calculations of
the electronic structure of molecules by MO methods, which
cannot be carried out without using modern computers.
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A series of TI appear naturally when another quantum-
chemical method is used—the valence bond method® and
some of its modifications. ™ Methods of this type are
based on the construction of a many-electron wave function
in the form of a linear combination of many-electron basis
functions of a special type. In the case of the m-electron
approximation, where only the m orbital is taken into account
for each atom, a certain spin pairing scheme for the T elec—
trons associated with the corresponding carbon atoms corre-
sponds to each basis function. This scheme can be described
in terms of the graph theory. Only electrons corresponding
to atoms linked by valence bonds are usually combined in
pairs. Each such scheme is described by a Kekul€ graph.
It consists of a set of connected two-vertex subgraphs MG
(edges), which cover the vertices of the initial graph and
have no common vertices in pairs. The Kekulé graph can be
related to a structural formula with single and double bonds.
Suppose that an approximate wave function Y, corresponds
to each such structural formula. Then the total wave func-
tion ¥ can be formulated as the linear combination

H= D) .
&

The numbers a;. are called the weighting factors of the
structures and are treated as variational parameters. The
procedure described above is usually employed to investigate
the stability of bicyclic benzenoid hydrocarbons and their
heteroanalogues. On the basis of qualitative considerations,
it can be shown that, among the isomers of benzenoid hydro-
carbons, the greatest stability should be shown by the isomer
to which corresponds the greatest number of Kekul€ struc-
tures. ®

The following procedures are used to estimate the bond
strength. The number of all the Kekul€ structures is
found. Then the edge, for example (i,j), corresponding to
a bond C—C in the initial molecule, is selected in the MG.
Next this edge together with the edges incident with it are
excluded from the MG. We shall denote the number of Kekulé
structures in the graph obtained in this way by k;;. The
ratio By; = ky;/k is called the Pauling bond order. ' It
has been esta]blished that, for alternative hydrocarbons not
containing four-membered rings and non-bonding energy
levels (which is equivalent to the validity of the inequality
det A =20, where A is the adjoint matrix), this quantity
can be calculated from the formula

Pi=

Ag>0

ey ™ [h,

where cgk) are the components of the kth eigenvector of
the adjoint matrix A. The quantity on the right-hand side
was introduced by Ham and Ruedenberg!® and is called the
Ham and Ruedenberg bond order. A number of other
relations between TI, used in various quantum-chemical
methods, have also been discussed (see, for example,
Hosoya and Hosoi¥),

The examples presented in Sections II and V show that
there are simple relations, determined ultimately by the com-
binatorial properties of the initial MG, between TI which are
at first sight of different nature. The search for various
systems of independent TI, in terms of which it would be
possible to calculate any other TI, is therefore of interest.
The solution of this problem would make it possible to con-
struct various correlations more effectively and with better
justification and to predict the properties of compounds which
have not yet been synthesised.

-—-000---
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Two main aspects of the problem of topological indices
can be distinguished. The first is associated with the
development of effective methods for the coding of mole-

cules, which is of great interest in connection with the use
of information-search systems for different purposes. The

second aspect refers directly to the search for sets of

structural fragments of molecules which are responsible for
the manifestation of particular physicochemical properties
of concrete compounds and to the discovery of regularities

in the character of their variation.

It appears at first sight surprising that the properties

of a substance can be predicted with the aid of simple

mathematical models of the kind described in this review.

However, experience shows that the properties of many

chemical compounds, whose molecules have "like" structural
fragments, are indeed similar. Furthermore, one should bear
min mind that, in selecting the coefficients a; in functional

relations of the type

y=a+ Jak,

i

between the numerical values of a certain property and the

structural characteristics expressed in terms of TI, one
takes into account implicitly not only the geometrical

parameters of individual molecules (more precisely certain
average characteristics) but also the features of the struc-
ture of the substance as a whole. The same property can be
described in terms of different TI, which leads to unlimited

possibilities for the search with the aid of computers for

relations between changes in the properties of a substance
and the topological characteristics of the molecular structure.t
In practice, preference should be given to simpler and more
accurate relations which can be used even when it has not
been possible to justify reasonably the relations discovered.
In his Nobel Lecture, Richard Feynman said "the only true
physical description of a phenomenon involves the interpreta-
tion of the significance of the quantities in an equation from
the standpoint of the experiment or, more precisely, a method
of applying equations to experimental results. Once this

is admitted, then the best way of creating a new theory is

to guess at equations without paying attention to physical

models or a physical explanation”.*® From our point of
view, the method of topological indices is precisely such

an approach, which makes it possible to "guess" equations
relating structure to property in those fields of structural
chemistry where a sufficiently reliable theory has not yet
been developed or the applications of a theory encounter

considerable computational difficulties.
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