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Abstract

Graph theory provides chemists a large number of useful tools. A large number
of molecular properties like physico-chemical properties, thermodynamic properties,
chemical reactivity and biological activity, are determined by chemical applications
of graph theory. These properties can be characterized by some polynomials and a
certain class of graph invariants referred to as topological indices. The mathematical
models relating biological activities and chemical properties of chemical structures
are, respectively, known as quantitative structure-activity relationships (QSAR) and
quantitative structure-property relationships (QSPR). To predict the chemical and
physical properties of chemical compounds, topological indices has played a vital role
in the study of (QSAR) and (QSPR). Polynomials have a great importance in reso-
nance theory, Kekules and Dewar structures and in finding many topological indices.

The aim of this thesis is to compute the polynomials and indices of some molec-
ular graphs. We consider the SiOs layer structure and compute the counting poly-
nomials, M-polynomial, Zagreb polynomials and some degree based indices, namely
harmonic index, versions of Zagreb indices, general Randi¢ index, inverse sum index,
etc. We also consider two infinite families of fullerenes and compute the counting
polynomials, M-polynomial and counting based indices.

Furthermore we consider a structure of dendrimer D,, and compute the counting
polynomials, counting based indices, M-polynomial and Zagreb polynomials. We
also compute the degree based indices, namely first Zagreb index, second Zagreb
index, hyper-Zagreb index, first multiple Zagreb index and second multiple Zagreb
index for the dendrimer structure.
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Introduction

Graph theory is applied in different branches of mathematics and science. It is
growing rapidly because of its diverse applications in different fields like chemistry,
biology, biochemistry, electrical engineering and computers applications, etc. It is
classified into algebraic graph theory and spectral graph theory. Applications of al-
gebraic graph theory in chemistry have made a remarkable progress. The branch of
mathematics which is a combination of graph theory and chemistry is called chem-
ical graph theory. Graphs are the mathematical structures having set of vertices
and the edges joining these vertices. Graphs are used to model many problems of
practical interest. In chemical graph theory, graphs are used to model the chemical
compounds, where the vertices are the atoms and the edges are the bonds of the
compound. Many chemical and physical properties of the chemical structures can
be found by their modeling with the help of graphs. These properties can be char-
acterized by some polynomials and indices. In this thesis some chemical structures
are considered and the polynomials and indices are computed for these structures.

The first chapter of this thesis gives fundamentals of graph theory. We give
basic definitions of graph theory, after that molecular topology, and a brief history
of some topological indices is given. We give a brief introduction of distance based
indices like Wiener index, Szeged index and Gutman index, Harary index, etc., and
degree based indices like Zagreb indices, Randi¢ index, harmonic index, etc. We
also discuss the polynomials like characteristic polynomial, counting polynomials,
M-polynomial, Zagreb polynomials, etc.

In the second chapter, we consider a Si0s layer structure, denoted by SiOs(p, q).
We discuss the structure of 570, layer structure and compute some counting polyno-
mials, M-polynomial, Zagreb polynomials and the corresponding topological indices
for Si0, layer structure.

In the third chapter, compute same counting polynomials, M-polynomial and the
corresponding topological indices for two infinite families of fullerenes. In the fourth
chapter, we consider a dendrimer structure and compute same counting polynomials,
M-polynomial Zagreb polynomials and the corresponding topological indices for the
dendrimer structure.
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Chapter 1

Fundamentals of Graph Theory

1.1 Introduction

Graph theory is a discrete mathematical structure. It is related to different
branches of Mathematics. It is widely used in different subjects like Physics, Chem-
istry, Computers, Operational Research, Communication Science, etc. It was born
when a mathematician named Euler solved the problem of the Konigsberg Bridges.
Konigsberg city was situated on the River Pregel. The city had two big islands
which were connected through seven bridges. It is said that the people of Konigs-
berg wondered whether they can go for a walk in the city by passing over each bridge
exactly once and return to their starting point. No one found such a path and so
they thought that no such path existed. This problem then was considered by Euler
and he subsequently solved the problem. He said for such a walk to exist, the land
area must have an even number of bridges linked with them. But as there are an
odd number of bridges attached to a land area, the person will get stuck eventually.
Hence, Euler proved that this kind of a path cannot exist. Later he defined Eulerian
circuit and gave the solution of this problem. The graph of the Konigsberg bridge
problem is shown in Fig. 1.1.

The invention of this graph by Euler and his later work lead to the fundamental
ideas of graph theory, which is now a major area of research.

1.2 Graphs

A graph G is a diagram or (a mathematical structure), which is a collection of
a non empty finite set V(G) of points, called vertices, and a set E(G) of some lines
joining unordered pairs of distinct points, called edges. The number of the vertices
in set V(G) is called the order of the graph G and the number of the edges in set
E(G) is called the size of the graph G. If e € E(G) is an edge joining the vertices
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Figure 1.1: Seven bridges of Konigsberg city and its graph

x,y € V(G) then we write e = xy and z, y are called endpoints of e. The two edges
having same endpoints are called multiple edges. An edge with same end vertices is
called a loop. An edge is said to be incident with its endpoints. A vertex which has
no incident edge is called isolated vertex. A graph is shown in the Fig. 1.2.

Figure 1.2: A graph

A graph which has no loops and multiple edges is known as a simple graph. A
simple graph is shown in Fig. 1.3.

In any graph G, the number of edges incident with a vertex w is called the degree
of the vertex u. It is usually denoted as d(u) or dg(u). The vertex with even (odd)
degree is called even (odd) vertex. The maximum vertex degree in the graph G is
called mazimum degree of the graph G, denoted as A(G), and the minimum vertex
degree in the graph G is called the minimum degree of the graph G, denoted as
d(G). The vertex having degree 1 is referred to as pendent vertex or leaf. The
vertex having degree 0 is called isolated verter. In a simple graph G of order r,
A(G) < r —1. Hence we have 0 < dg(u) < r — 1 for any vertex u € V(G). If
A(G) = §(G) = r, the graph G is known as r-regular graph.

The theorem stated below gives the degree sum formula for any graph, known
as The First Theorem of Graph Theory.



Figure 1.3: A simple graph G

Theorem 1.2.1. ([16]) If G is any graph of size m, then

S dolv) = 2(e(G)).

veV(G)

A graph H is called a subgraph of a graph G if vertex set of H is contained in
vertex set of G and edge set of H is contained in edge set of GG. If the vertex set of H
and G are equal, that is, V/(H) = V(G) then the subgraph H is said to be spanning
subgraph of G. If Vi C V(G), a subgraph H induced by V;, denoted as H[Vj], is a
graph with V(H) = V; and contains all edges of G which have both ends in V;.

A u,v-walk in a graph G is a sequence of vertices with the starting vertex u and
the end vertex v such that the consecutive vertices in the sequence are adjacent. A
u, v-trail is a u,v-walk in which no edge is repeated. A wu,v-path is a u,v-walk in
which no vertex is repeated. A path of order n is denoted by P,. A closed trail
having length 3 or more is called circuit. Similarly, A cycle is obtained from a u, v-
path by joining u and v by an edge uv. A cycle of order n is denoted as C),. The
length of smallest cycle in the graph is known as the girth of the graph. The girth
of the graph is undefined if there is no cycle in the graph.

P P, Py Ps
e e—eo —eo—o—o —o o0 o
Cq Cy Cs

Figure 1.4: Paths and Cycles

Two graphs G and H are said to be isomorphic if there is a bijective map ¢ from
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V(G) to V(H) such that wv € E(G) if and only if ¢(u)p(v) € E(H) and we write
G =2 H. G and H are said to be nonisomorphic if they are not isomorphic and
we write G 2 H. Isomorphism produces an equivalence relation. Some isomorphic
graphs are shown in the Fig. 1.5. Since isomorphism is an equivalence relation so it

U1 U2 US
W
v, 1
Vv w
y
X
X4 Y 2 2 X3 Y3
H H H
1 2 8

Figure 1.5: Isomorphic graphs

is apparent that the two isomorphic graphs must have:

i). an equal number of the edges,

i1). the same number of vertices with a given degree,

i11). an equal number of vertices.

But the converse is not true, that is, these conditions are not sufficient. The two
graphs having same number of vertices, equal number of edges, and equal number
of vertices with given degree may not be isomorphic as shown in the Fig. 1.6.
The number of edges in a path is the length of path. The length of the shortest

[« ]
< ©®
E“
>
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D

Figure 1.6: Two nonisomorphic graphs

path between the two vertices v and v is known as the distance between them and
is denoted as d(u,v). If no such path exists then d(u,v) = oco. A wu,v-geodesics
is the path of length d(u,v). The eccentricity ecc(v) of a vertex v in a graph
GG is the distance between v and the vertex x which is farthest from v, that is,
ecc(v) = max{d(v,z) | x € V(G)}. The maximum distance between any two
vertices of G is the diameter of the graph. It is denoted as diam/(G). So diam(G) =



max{ecc(v) | v € V(G)}. The radius of a graph G is the minimum distance between
any two vertices of G, that is, rad(G) = min{ecc(v) | v € V(G)}. The central
vertices are the vertices having minimum eccentricities.

A graph G is said to be connected if for every pair u, v of distinct vertices
in G there exists a u,v-path in G. A graph which is not connected is said to be
disconnected. A cut-verter is a vertex in the graph G, whose removal disconnects
the graph G. Similarly, an edge whose removal from graph G disconnects the graph,
is known as cut-edge or bridge.

1.3 Graph representation

Any graph G can be represented by matrices. A graph can either be represented by
adjacency matrix or incidence matrix. The adjacency matriz of a graph G is the
matrix A(G) = [a;j] of order n x n, where a;; is 1 if there is an edge between the
two vertices v; and v;, otherwise zero. The adjacency matrix of the graph G in Fig.
1.2 is given below:

0101000
1001000
0001000

AG=1110110
0001001
0001001
0000T1T10

The entries on the principal diagonal represents the loops. If the graph is simple,
every entry on the principal diagonal is 0. The adjacency matrix is a symmetric
matrix. The sum of any row ¢ or column j gives the degree of vertex v; or v;.

The incidence matriz of a graph G is a matrix B(G) = [b;;] of order n x m, where
b;j is 1 if the vertex v; and e; are incident, otherwise zero. The incidence matrix of
the graph G in Fig. 1.2 is given below:

111000000
110100000
000010000
B@G=[001111100
000000T1T10
000001001
000000011



1.4 Some common classes of graphs

There are certain kinds of graphs. Some of them are defined below:

A wheel graph is a graph W,,, which is obtained from a cycle graph C,_; by
connecting a new vertex to all vertices of C,,_;. The new vertex added is known as
hub and the edges of a wheel which are incident with the hub are called spokes. A

Figure 1.7: Wheel graphs

complete graph is a simple graph in which every two distinct vertices are adjacent.
A complete graph of order p is denoted by K,,. Since there is an edge between every
two distinct vertices of K, therefore the number of edges in K, is (’2’), that is,

So the complete graph Kg has 15 edges. Since there is an edge between every pair of
the vertices, therefore K, is (p — 1)-regular graph. Some complete graphs are shown

in the Fig. 1.8.

& X &

Figure 1.8: Some complete graphs

A complement graph G of a graph G is a graph with V(G) = V(G), such that
e is an edge in G if and only if e is not an edge in GG. A graph and its complement
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both need not to be connected. At least one of them must be connected. If G is a
graph of order n and size m, then the order and size of G are respectively, n and
(;‘) —m. If G is disconnected graph, then G is connected.

A bipartite graph is a graph, whose vertex set can be partitioned into two subsets,
such that every edge of GG joins the vertices in the two subsets. The subsets, then
are called partite sets or bipartition of the graph. Similarly, a graph G is said to be
k-partite if vertex set V(G) is the union of k independent sets. A characterization

of the bipartite graphs is given in the theorem given below:
Theorem 1.4.1. (|26]) A graph G is bipartite if and only if it contains no odd cycle.

In a bipartite graph with partite sets A and B, to construct a cycle with starting
vertex in A, we need to visit both partite sets A and B, because vertices in one
partite set can not be adjacent. So every time we return back to the partite set A,
we pass through an even number of edges.

A graph with two partite set, in which each vertex of one partite set is adjacent
with each of the vertices of the other partite set is known as complete bipartite graph.
A complete bipartite graph having p vertices in one partite set and ¢ vertices in other
partite set is denoted as K (p, ¢). In Fig. 1.9, bipartite and complete bipartite graphs
are shown.

A circuit containing all the edges of a graph G is called an Fulerian circuit.
A graph which contains an Eulerian circuit is called Fulerian graph. Therefore an
Eulerian circuit in a connected graph G is a closed trail that contains all edges of
G. Following theorem gives a characterization of Eulerian graphs.

Theorem 1.4.2. (|16]) The following statements are equivalent for a connected
graph G.

(1) G is Eulerian.

(2) E(G) is the union of edge-disjoint cycles in G.

(3) The degree of every vertex in G is even.

A hamiltonian cycle is a cycle in a graph G, passing through all vertices of G. A
hamzltonian graph is a graph which contains a hamiltonian cycle. In the Fig. 1.11
a hamiltonian graph with hamiltonian cycle uvwzyxru and a non-hamiltonian graph
are shown. There is no characterization known for hamiltonian graphs, but some of
the conditions are stated below:

Theorem 1.4.3. ([16]) Let G' be a simple n-vertex graph, where n > 3, such that
deg(x) + deg(y) > n for each pair of non-adjacent vertices x and y, then G is
hamiltonian.

Theorem 1.4.4. ([39]) If G is a simple graph with at least three vertices and 6(G) >
1G]

5, then G is hamiltonian.
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Figure 1.9: Bipartite and Complete bipartite graphs
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An Eulerian graph A non-Eulerian graph

Figure 1.10: Eulerian and non-eulerian graphs



A hamiltonian graph A non-hamiltonian graph
Figure 1.11: Hamiltonian and non-hamiltonian graphs
An acyclic graph is a graph G having no cycles. The acyclic graphs are also

referred as forests. A connected acyclic graph G is called tree. Hence the graph in
the Fig. 1.12 is a tree. Usually T is used for trees instead of G. A tree T is a star

Figure 1.12: A tree

if T'= K(1,5). A double star is a tree having exactly two vertices which are not
pendant vertices. A tree of order three or more is called caterpillar, if the removal
of pendent vertices produces a path, called spine of the caterpillar. If a vertex in a
tree T is selected as the root of T' the tree then T is called a rooted tree. For a tree
T of order n and size m, we have m =n — 1.



P

Rotted tree Star Double star Caterpillar

Figure 1.13: Rooted tree, star, double star and caterpillar

1.5 Chemical graph theory

Graph theory is one of the fastest growing branch of mathematics. It has been
used and accepted in different branches of science. Molecular topology or chemical
graph theory is the applications of graph theory in the fields where the molecular
structures matters. The importance of chemistry in the branches of science is be-
cause most of the chemical information is associated with the chemical structures
that may be uniquely indexed. In other branches of science the use of words is needed
to explain but in chemistry it can be done by means of formulas. Molecular topology
or chemical graph theory is not only equal as the other branches of chemistry but
also is necessary for the understanding of chemical structures. The importance of
graph theory in chemistry is mainly due to the phenomenon of isomerism. Finding
and defining the isomers is a graph-theoretical problem. The adjacency matrix for
the graphs of conjugated hydrocarbons in Hiickel molecular orbital theory corre-
sponds to the Hiickel matrix [5]. Topological characterization of chemical structures
allows the classification of molecules and modeling unknown structures with desired
properties.

Molecules and molecular compounds are modeled by molecular graphs. A model
that is used to characterize a chemical compound is called chemical graph. A molec-
ular graph is a representation of the structural formula of a chemical compound in
terms of graph theory, whose vertices correspond to the atoms of the compound
and edges correspond to chemical bonds [5]. In Fig. 1.14, a chemical structure of
Adeninie (DN A) and its molecular graph is shown. Hydrogen atoms are not con-
sidered usually in molecular graphs in which case the molecular graphs are known
as hydrogen depleted molecular graph [5].

Isomers are the chemical compounds which have same molecular formula but dif-
ferent chemical structure such as n-butane and iso-butane. Molecular graphs helps

10



Figure 1.14: A chemical structure and its hydrogen depleted molecular graph

in distinguishing between isomers [5|. These graphs does not give any information
about the 3-D arrangement of the bonds. Similarly, a chemical reaction can be mod-
eled by a reaction graph. In a reaction graph the vertices are chemical compounds
and edges are the reaction paths. Within this thesis, only molecular graphs are
considered. A molecular graph can be described by numerous ways such as by a
polynomial, a sequence of numbers, a derived number called a topological index, or
a matrix [5].

1.5.1 Topological indices

Topological index is a single number that represents the chemical structure. Topo-
logical indices are the graph invariants which characterize the topology of a graph
[5]. The mathematical models relating biological activities of a chemical structures
are known as quantitative structure-activity relationships (QSAR) and quantitative
structure-property relationships (QSPR). Topological indices are used in the de-
velopment of quantitative structure-activity relationships (QSAR) and quantitative
structure-property relationships (QSPR). Topological indices play a vital role in
QSAR and QSPR study. To establish a correlation model between the structures
of chemical compounds and the corresponding properties, it is required to numeri-
cally code the structures of chemical compounds. Hence, the task in QSAR/QSPR
researches is to transfer the molecular graph into numerical format. There are many
techniques for this purpose, in which the popular ones are topological indices. They
correlate some physical and chemical properties of compounds. They are also used

11



in testing the isomorphism. Some characteristics of topological indices are given
below:
1). They directly interpret the chemical structure.

2). They discriminate between the isomers.
3). They correlate at least with one property of the chemical compound.
4). They are simple, defined locally, and are based on known concepts.

. They can be generalized to higher analogues.

. They are linearly independent.

. They are not related to other indices trivially and show a correct dependence on
size.

8). The construction of these indices is efficient and is not be based on physico-
chemical properties.

9). They change gradually with the gradual change in the structures.

D Ot
—_—

~J

Different molecular properties are correlated with these descriptors. A correla-
tion was found for the properties like boiling points, heat of combustion, enthalpy of
formation, octane number and many biological properties. Many such descriptors
have been proposed and tested. Wiener [38] was the first who introduced the first
topological index while he was studying boiling point of paraffin. He named this
index as path number and later on, it was renamed as Wiener index [9]. There are
two main classes of topological indices which are:

e distance based topological indices.

e degree based topological indices.

Consider a graph G with vertex set V(G) and edge set E(G). Let order and size of
the graph GG be n and m, respectively. Some of the distance based and degree based
indices for the graph G are defined in this section.

Distance based topological indices

Distance-based indices are defined by using the distances in the graph. Some of
these topological indices are defined below:
For a molecular graph graph G, the Wiener index, denoted by W (&), and is defined
as
1
W(G) = > d(u,w), (1.1)

u,veV(QG)

where d(u, v) is the distance between v and v. This index correlate the boiling points
of different molecular structures.
Another important index, the Szeged index, introduced by Gutman [20] correlate

12



chemical structures with their physico-chemical properties. It is defined as

Sz(G) = Z Ny (uv) 1y (u0), (1.2)

weE(G)

where n,(uv) and n,(uv) are respectively the number of the vertices of G lying
closer to u than v and the number of vertices lying closer to v then to u. It is to
be noted that the vertices that are equidistance from u and v are not considered.
Important physico-chemical properties which were modeled using Szeged index are
molar volume, density, molecular weight, svan der Waals volume, boiling point,
vapor pressure, dipole moments, and polarizability etc. Szeged index was also used
in the modeling of some spectroscopic parameters such as edgeshift in the extended
X-ray absorption fine structure spectroscopy, isomer shift, infrared group frequency
and chemical shifts in nuclear magnetic resonance spectroscopy, etc [25].

Schultz [34] introduced an index, Schultz index to characterize the alkanes by an
integer. This index is defined as

Z d(u, v)(dg(u) + dg(v)). (1.3)

Schultz index and Wiener index are closely related for certain classes of chemical
graphs. It was shown that for a tree T" of order n [28], the Schultz index is given by

S(G) = AW (G) — n(n — 1).

Klavzar and Gutman [27] proposed the Schultz index of second kind. This index
is known as Gutman index, and is defined as

Gut(G Z d(u, v)(dg(u)da(v)). (1.4)

Plavsi¢ et al. [31] introduced a new distance based index, namely, the Harary
number H(G). This index is defined as

1.
d(u (1.5)
quV (@)

This index is suitable to predict the enthalpies of sublimation of carboxylic acids.

Degree based topological indices

The degree based indices for a graph are defined by using the degree of a vertex in
that graph. Generally a degree-based topological index of a graph G is defined as

= Y flde(w),de(v)),

weE(G)

13



where f = f(z,y) is a function appropriately selected for possible chemical applica-
tions [18]. Some degree based indices are defined below:

Gutman and Trinajsti¢ [19] introduced the Zagreb indices, denoted by M;(G)
and M, (G), respectively. They are defined as

M(G)= Y (de(u) + da(v)), (1.6)

weE(G)

My(G) = > (da(u)da(v)). (1.7)
uweE(G)
These indices are used in the topological formula for finding the total m-electron
energy.
Nikoli¢ et al. [30] proposed the second modified Zagreb index denoted by M;(G),
and is defined as

My (G)= ) ﬁ. (1.8)

Randi¢ [32] introduced branching index R, called the Randi¢ index and is defined
as
1
R(G) = —_—. (1.9)
quXE%G) dG(u)dG(U)
Randi¢ index is suitable for measuring the extent of branching of the carbon-atom
of saturated hydrocarbons. Later, Bollobas and Erdos [2| generalized this index for
any real number «, which was then called the general Randic¢ index. 1t is defined as

Ro(G) = > (do(w)da(v))™. (1.10)
uweE(G)

Another degree based index, the symmetric division degree index was introduced
by Vukicevic and Gasperov [36], denoted by SDD(G), and is defined as

B da(u)? + dg(v)?
SDD(G)_WG%:(G) GdG(u) dgfv) . (1.11)

Zhong [41] proposed the degree based index, harmonic index, denoted by H(G),
and is defined as

Z dc +da() (1.12)

weE(G

The degree based index, inverse sum indexr was introduced by Vukicevic and
Gasperov [36], denoted by 1S1(G), and is defined as

ISIG) = ) d c(v) (1.13)

uweE(G) + dG(U)

14



Furtula et al. [11] introduced the augmented Zagreb index, denoted by AZI(G),
and is defined as

AZIG) =Y <dG<dG(“)dG(U) ) (1.14)

wiE o) u) +dg(v) —2

Shirdel et al. [33] defined a new version of Zagreb index, called hyper Zagreb
index, HM(G) as

HM(G)= Y (da(u)+ de(v))*. (1.15)
weE(G)
Ghorbani and Azimi [14] defined two versions of Zagreb indices. The first mul-
tiple Zagreb index PM;(G) and second multiple Zagreb index PMs(G) of a graph
G are defined as

PG = ] (defw) +do(o)). (116
weF(G)

PMy(G) = ] (da(u) x da(v)). (1.17)
weER(Q)

1.5.2 Polynomials

There are two main route by which polynomials enter in chemical graph theory.
First, by Hiickel theory and second, chemical applications of graph theory often
encounters finite sequences of certain graph invariants and with these sequences one
can introduce a polynomial [5]. In Quantum Chemistry, the early Hiickel theory
calculates the levels of 7 electron energy of the molecular orbitals, in conjugated
hydrocarbons, as zeros of the polynomials. The extent of branching in the skeleton
of a molecule is reflected by the coefficients and zeros of the polynomials. They
are also related to the number of kekules and Dewar structures of the appropriate
conjugated molecules. Polynomials are of great importance in resonance theory.
They are use in measures of related topological indices. Some of these polynomials
are defined in this section.

Characteristic polynomial
The characteristic polynomial of a graph G is defined as
o(G,x) = det(x] — A(G)), (1.18)

where A(G) is the adjacency matrix. The characteristic polynomials of two isomor-
phic graphs coincide but if the two graphs have same characteristic polynomials then
its not necessary that they are isomorphic. Characteristic polynomial of a graph G
is independent of labeling of vertices.
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Counting polynomials

Finite sequences of certain graph invariants are encountered in chemical applica-
tions of graph theory. With these sequences a polynomial can be introduced. This
type of polynomial is known as counting polynomial. Counting polynomials were
introduced by Hosoya with his Z-counting and the distance degree polynomials and
were initially called Wiener and later Hosoya polynomials [22].

Consider a sequence C' = (Cy, C1, Cy, - -+, Cy). Instead of k41 distinct quantities
Cp,p=0,1,2,--- , k, a single quantity can be introduced, which is defined as

k
Co+ Cix + Cox® + ... + Cpa® :ZC’pa:k (1.19)

p=0

Same information as the sequence C'is contained in the polynomial (1.19). How-
ever, sometimes it is easy to deal with a polynomial instead of a sequence. The
sequences of graph invariants have some properties which cannot be discovered with-
out examining graph polynomials of form (1.19). A counting polynomial is defined
as

P(G,z) =Y m(G, k)", (1.20)
k
and the corresponding index is defined as
d
P(G) = (PG, 2))|o=1 = > m(G, k) x k, (1.21)

k

where m(G, k) is the frequency of occurrence of the property partitions of G, of
length k.

Two edges e; = z1y; and es = 22y, in E(G) are said to be codistant, denoted by
e1 co ey, if for k=0,1,2,3,...,

d(x1,22) = d(y1,y2) = F,

and
d(x1,y2) = d(y1,22) =k + 1.

or vice versa. For some edges of a connected graph G, the relation “co" is reflexive

as e co e is true for all edges e in G. Also it is symmetric as if e; co es then ey co e

for all eq, ey € E(G). However, the relation “co" is not necessarily transitive [7].
Consider

Cle)={f € E(G):eco f}.

If the relation “co" is transitive on C'(e) also, then C'(e) is called an orthogonal cut.
The graph is called co-graph if and only if the set E(G) is the union of disjoint
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k
orthogonal cuts, that is, there are orthogonal cuts C,Cy, - - - , Cy satisfying |J C; =

=1
E(G) and C;NC; = ¢ for i # j [7].

If any two consecutive edges of a cut edge sequence are codistant and belong to
the same face of the covering, such a sequence is called a qausi-orthogonal cut “qoc"
strip. The transitivity is not required |[7].

Denote by m(G, k) the number of qocs of length k. A counting polynomial,
namely, Omega polynomial, denoted by Q(G, x), was introduced by Diudea [7] and
is defined as

UG, z) => m(G, k) x at, (1.22)

where the summation runs up to the maximum length of qocs in G. The corre-
sponding Omega index is given by
d

AG) = (UG, 2))]r=1 = > m(G. k) x k. (1.23)
k

The Sadhana polynomial is defined on the opposite edge strips in any graph.
This polynomial counts codistant edges in G and was introduced by Ashrafi et al.
[1], denoted by Sd(G, z), and is defined as:

Sd(G,z) =Y m(G, k) x 2™ ", (1.24)

where m is the size of G, and m(G, k) is the number of qocs of length k. The
corresponding Sadhana indez is given by

Sd(G) = %(Sd(G, 2)|am1 = Y m(G, k) x (m — k). (1.25)

The PI polynomial is defined by Khadikar [23| based on counting opposite edge
strips in any graph. This polynomial counts non-codistant edges in G. The PI
polynomial denoted by PI(G, ) is defined as

PI(G,z) =Y m(G k) x kx 2™ ", (1.26)

The corresponding PI index is given by

PI(G) = C%(PI(G,a:))\x:l = kxm(G k) x (m—k). (1.27)
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M-polynomial

Let G = (V, E) be a graph. Let m;;(G), i,j > 1, be the number of edges e = uv
of G such that {dg(u),de(v)} = {i,j}. The quantities m;;(G) were first introduced

and applied in [17]. The M-polynomial of G is introduced by Deutsch and Klavzar
[8], and is defined as
M(G;x,y) Zml] . (1.28)
1<j
For some connected graphs, M-polynomial is useful in finding some degree based
indices like Zagreb indices, general Randi¢ index, harmonic index augmented Zagreb
index, inverse sum index, etc.

Hosoya polynomial

Hosoya [22] introduced a distance based polynomial known as Hosoya polynomial.
It is defined as
= d(G, k)t (1.29)

where d(G, k) is the number of pairs of vertices of G, which are at distance k. d(G, 1)
is equal to the size of the graph G, and d(G, 0) is equal to the order of the graph G.
The first derivative of Hosoya polynomial, H(G,z) at x = 1 gives the famous index,
Wiener index, that is,

d

() omr = W(G) (1.30)
Hyper-Wiener index is given as
L H(G ) mr + 2L (H(G, 1)) = WW(G) (131)
dx 2 dx?

Some other distance-based topological indices can also be derived from Hosoya poly-
nomial.

Zagreb polynomials

Fath-Tabar [12]| introduced the first and second Zagreb polynomials. The first Za-
greb polynomial M; (G, a;) of a graph G is defined as

= ) atalrdsl (1.32)
weE(G)
The second Zagreb polynomial Ms(G, x) of a graph G is defined as

> afeltxdel), (1.33)

weE(G)
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Chapter 2

Polynomials and Indices of Si0-
Layer Structure

Silicates are of the utmost importance as raw materials, mass produced items and are
considered one of the most abundant class of minerals on the earth [29]. The variety
and abundance of silicates is due to the nature of the silicon atom, specifically the
stability of the silicon when it bonds with the oxygen atom. The formula unit SiO;~
is the building block of all silicate structures. This formula unit consists of a central
silicon atom which is surrounded by four oxygen atoms and forms a tetrahedron.
These tetrahedrons link to self-similar tetrahedrons, sharing corner oxygens of the
tetrahedron and form amazing but complicated structures. The silicate tetrahedrons
combine in different ways and form single units, double units, chains, sheets, rings
and framework structures.

The structure of the formula unit SiO;~ is shown in the Fig. 2.1. The SiO]~
tetrahedron combines with the other similar SiO;~ tetrahedrons and form different
structures. In the structure considered in this chapter, these tetrahedrons combine
together and form octagons. A single octagon is shown in the Fig. 2.2. In the
similar way, the SiO}~ units combine and forms SiO, layer structure.

In this chapter, the molecular graph of S0, layer structure is considered. Fur-
thermore, p and ¢ are respectively the number of octagons in the rows and the
columns in the SiOs(p,q) structure. The graph of SiOy(p,q) layer structure is
shown in Fig. 2.3. The order and size of the SiOs(p, q) structure are n(SiOs(p, q)) =
3pq + 4p + 4q + 5 and e(SiOs(p, q)) = 4(pqg + p + q + 1), respectively.

We compute Omega, Sadhana and PI polynomials by using standard cut method
of Si0, layer structure. Furthermore, we compute M-polynomial and the topological
indices derived from above mentioned polynomials. Ghorbani et al. computed
Omega and Sadhana polynomials of an infinite family of fullerenes [15|. Diudea et
al. studied the Omega type polynomials in phenacenes [6]. The following section
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Figure 2.1: Formula unit SiO%~ Figure 2.2: Octagon in SiO layer structure

q

Figure 2.3: SiOs(p, q) layer structure

gives all polynomials and indices defined by (1.22)—(1.27) for the SiOs(p, q) layer
structure.

2.1 Counting polynomials and corresponding indices

The following theorem gives the Omega, Sadhana and PI polynomials of SiOs(p, q)
layer structure.

Theorem 2.1.1. The Omega, Sadhana and PI polynomials of SiOs(p, q) structure
are respectively given by:

Q(Si0x(p,q),x) = 2x(qa? +pa?+p+q+2),
Sd(SiOs(p, q),x) = 2qu'PTHPHATES 4 oppApatp IS (g 4 9p 4 d)gttarHeTS,
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PI(SiOs(p,q),z) = 2q(p+ 1)a™PrT30H4at3 4 op(q 1) Prtaptiats
+(2¢ + 2p + 4)w4pq+4p+4q+3.

Proof. We use the standard cut-method to compute our results. We define two
horizontal cuts {C; | 1 < i < ¢} and {C] | 1 < i < ¢}, two vertical cuts {C; |
1<i<p} {C/|1<i<p}and the cuts through pendent edges are denoted by
{@ | 1 <i<2q+2p+4}. There are 2p + 2q + 4 pendent edges in SiOs(p, q) layer
structure. The cuts are shown in Fig. 2.4.

Figure 2.4: Dotted lines show the cuts in SiOs(p, q) layer structure

It is easily seen that C}, C;, 1=1,2,3,....g and @, 5;, 1 =1,2,3,....p are qocs.
The length and the number of qocs for Si0, layer structure are given in Table 2.1.

Types of qoc | Length of qoc | No. of goc
Ci p+1 q
C; p+1 q
C; g+1 p
C g+1 p
C 1 2p+2q+4

Table 2.1: Types of qocs, length of qocs and number of qocs in 570 layer structure.
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First we compute the Omega polynomial for SiOy(p, q) layer structure. Substi-
tuting the values from Table 2.1 in equation (1.22), we get

Q(SiOs(p, q), ) = g™ + qaP™ + part™t 4 pr?™ + (2p + 2¢ + 4)2t.
After simplifying the above expression, we get
Q(Si02(p, q), x) = 2x(qz? + px? + p+ q+ 2).

Next we find the expression for the Sadhana polynomial for the SiOs(p, q) layer
structure. Substituting the values from Table 2.1 in equation (1.24), we get

Sd(SiOy(p,q),z) = qrtPetrratD=(pt1) o opdpatptat)=(p+1) 4 o Apatptatl)—(a+1)
Fpgtpatprat=(a+l) 4 (2p + 2q + 4)x4(pq+p+q+1)*1_
After simplifying the above expression, we obtain

Sd(SiOg (p, q)7 x) — qu4pq+3p+4q+3 + 2px4pq+4p+3q+3 + (2(] +2p+ 4)x4pq+4p+4q+3.

Next we compute the expression for the PI polynomial. Substituting the values from
Table 2.1 in equation (1.26), we get

PI(SiOs(p,q), x) = q(p+ 1)$4(pq+p+q+1)—(p+1) +q(p+ 1)x4(pq+p+q+1)—(p+1)
+p(q + 1)x4(pq+p+q+1)*(qﬂ) +p(q+ 1)x4(pq+p+q+l)*(q+1)

+(2p +2¢ + 4)(1)x4(pq+p+q+1)—1‘
After simplifying the above expression, we get

PI(SiOs(p, q),x) = 2q(p + 1) *Pr+3rHiats | op (g 4 1)gtatiptsats
+(2q + 2p + 4)ptPatirtaats,

This completes the proof. n

Next we find the indices derived from the polynomials computed in the Theorem
2.1.1.

Corollary 2.1.1. The Omega, Sadhana and PI indices of SiOs(p, q) layer structure
are given below:

QG) = 4pg+4p+4q +4,
Sd(G) = 16p*q+ 16pg* + 16p* + 44pq + 16¢* + 28p + 28q + 12,
PI(G) = 16p*¢® + 30p*q + 30pq® + 16p* + 56pq + 16¢° + 28p + 28q + 12.
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Proof. Using Theorem 2.1.1 and the equation (1.23), the Omega index is given by:
QG)=2q(p+1)+2p(¢+1)+2(p+q+2).
After simplifying the above expression, we get
Q(G) =4pg + 4p + 4q + 4.

Next we compute the Sadhana index. Using Theorem 2.1.1 and the equation
(1.25), we have

Sd(G)  =2q(4pq+ 3p + 4q + 3) + 2p(4pg + 4p + 3q + 3)
+(2q + 2p + 4)(4pg + 4p + 4q + 3).

After simplifying the above expression, we get
Sd(G) = 16p*q + 16pg® + 16p* + 44pq + 16¢> + 28p + 28¢ + 12.

Next we give the expression for the PI index. Using Theorem 2.1.1 and the
equation (1.27), we have

PI(G)  =2q(p+1)(4pq + 3p +4q + 3) + 2p(q + 1)(4pq + 4p + 3¢ + 3)
+(2q9+2p+4)(4pg + 4p + 4q + 3).

After simplifying the above expression, we get
PI(G) = 16p*¢* + 30p*q + 30pq* + 16p* + 56pq + 16¢* + 28p + 28¢ + 12.

The proof is complete. ]

2.2 M-Polynomial and some degree based indices

This section gives the M-polynomial defined by (1.28) for the silicate network.
Let f(z,y) be a differentiable function of two variables. Deutsch and Klavzar [§]
defined the operators D,, D,, S,, Sy, J and Q, on f(x,y) as follows:

D7) =LY,
D,(fz.) =y L)
st = [ 5

t
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) = s

Qalf(z,y ))Zx“f(flf,y),

where a # 0.

Deutsch and Klavzar [8] gave the expressions for degree based indices (1.6) —
(1.14), using M-polynomial. Table 2.2 gives these expressions. The set of positive
integers and the set of negative integers are denoted by Z* and Z~, respectively.

Topological indices | f(x,y) | Derivation from M-Polynomial
My (G) z+y (D + Dy)(M(G; 2, ) |o=y=1
My(G) Ty (Do Dy) (M (G5 2, ) |e=y=1
M3 (G) 1 (S25,) (M(G5 2,9)) layr

Ro(G) (a € ZT) (zy)® (D2 Dy)(M(G; 2, y))a=y=1
Ro(G) (@ €Z7) (zy)® (57289, N M(G; 2, y))la=y=1
$DD(G) EHE | (DaS, + DySe) (M(Gi2,y))amymt
H(G) 2 28, (M(G; 2,9)) s
ISI(G) gy Sy J Dy Dy(M(G; x,y))|2=1
AZI(G) (725)* | S3Q 2 J DD} (M(G;2,y))|e=1

Table 2.2: Expressions for degree based topological indices [8].

Now we give the formula for computing the M-polynomial of the SiOs(p, ) layer
structure.
Theorem 2.2.1. The M-polynomial of SiOs(p, q) layer structure is given below:
M(SiOy(p, q);z,y) = (2p + 2q + 4)axy* + (4pg + 2p + 2q)z%y*.
Proof. The number of edges uv of SiOs(p, q) layer structure such that
{de(u),dg(v)} = {i,j} are given below:

M1 = Mg = M3 = Moy = Mgz = M33 = Mgg = Mg = 0,

24



and
mig = 2p + 2q + 4, moy = 4pq + 2p + 2q.

Substituting the above values of m;; in equation (1.28), we get
M(SiOa(p,q);z,y) = (0)zy' + (0)xy® + (0)xy® + (2p + 2q + 4)zy* + (0)2?y?
+(4pq + 2p +29)2%y* + (0)2%y" + (0)2%y” + (0)*y"
+(0)z*y*.

After simplifying the above expression, we get
M (SiOs(p, q); 2, y) = (2p + 2¢ + 4)xy* + (4pg + 2p + 2q)2%y".
This gives the required expression. O

The following corollary is an easy consequence of Theorem 2.2.1, which gives the
degree based indices derived from the M-polynomial.

Corollary 2.2.1. First Zagreb index, second Zagreb index, second modified Zagreb
mdex, general Randic¢ index, symmetric division degree index, harmonic index, in-
verse sum index, and augmented Zagreb index derived from M-polynomial of SiOs
layer structure are respectively given below:

Mi(Si05(p,q)) = 24pq + 22p + 22q + 20,
M5(SiO5(p,q)) = 32pq + 24p + 24q + 16,
M;(SiOx(p,q)) = gp + gq + %pq +1,
R.(SiOs(p,q)) = 4“(2p+2q+4) +8%(4pq + 2p + 2q),a € Z*
R, (Si0Os(p,q)) = 4%(2p+2q+4)+8%(4pq+2p+2q),a S/
SDD(SiOx(p.q) = 10pg+ 27719 + 27761 17,
H(S5i0y(p,q)) = f—gp + %q + %pq + %
ISI(S10(p,q)) = ?—gp + %q + 13—61%1 + 1—56,
AZI(SiOs(p,q)) = %p + %q + % + 32pq.

Proof. First we compute first Zagreb index. Using Theorem 2.2.1 and Table 2.2, we
have

M;(SiOs(p,q)) = (D, + D,)((2p+2q + 4)xy* + (4pg + 2p + 29)2°y")|s=y=1
= (2p+2q+4)zy' + 2(4pg + 2p + 2¢)2°y" + 4(2p + 2q + 4)zy’
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+4(4pq + 2p + 20)2%y amy—1

= (2p+2¢+4)+2(4pg+2p+2q) +4(2p + 2¢ + 4)
+4(4pq + 2p + 2q)

= 24pq + 22p + 22q + 20.

Using Theorem 2.2.1 and Table 2.2, second Zagreb index for the SiOy(p, q) layer

structure is given by:
M>(SiOs(p, q))

(D2Dy)((2p + 2q + 4)zy* + (4pg + 2p + 2¢)7°Y") |o=y=1
4(2p +2q + D) zy* + (2)(4)(4pg + 2p + 29) 2%y | s=y=1
4(2p +2q+4) + (2)(4)(4pg + 2p + 2q)

32pq + 24p + 24q + 16.

Again using Theorem 2.2.1 and Table 2.2, the expression for second modified
Zagreb index for the SiOs(p, q) layer structure is given by:

M;(SiOa(p,q)) =

(S25,)((2p + 2q + D)zy* + (4pg + 2p + 29)2°Y")) o=y

1 11
1 +20+ 4)zy* + (7)(5)(4pg +2p + 2) 2%y |sy—1

1 1.1
120 +2q+4) + (7)(5)(4pa + 2p + 29)
S g gt
Pt gpatL

Next we compute the expression for general Randic index R,(G) for a € Z*
corresponding to the function f(z,y) = (zy)®. Using Theorem 2.2.1 and Table 2.2,

we have

Ro(SiOs(p.q)) = (DyDY)((2p+ 2q + H)xy* + (4pq + 2p + 20)2°Y")) o=y
= (2p+2¢+4)z(4")y* + (dpg + 2p + 2¢)(2*)2*(4°)y")) o=yt
= (2p+2q+4)(4%) + (dpq + 2p + 2¢)(2%)(4")
= 4°(2p+2q +4) + 8*(4pq + 2p + 2q).

Next we compute the expression for general Randic index R, (G) for a € Z~
corresponding to the function f(z,y) = (xy)®. Using Theorem 2.2.1 and Table 2.2

we have

Ro(SiOs(p.q)) = (S;%S,*)((2p+ 2q + 4)zy* + (4pq + 2p + 2¢)2°y"))[a=y=1,

1

1 1
= (2p+2¢+4)—ay" + (4pq + 2p + 29) (=—)2* (—)y |omy=1,

= (2p+2¢+ 4)L (4pq +2p + 2Q)(i)(

4~ 2« 4
1

—a —a Ta)v

4 2 4
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1 1
= =@t 2q+4) + o (dpg + 2p + 29).

Again using Theorem 2.2.1 and Table 2.2, the expression for symmetric division
degree index for the SiOs(p, q) layer structure is given by:

SDD(SiOx(p,q)) = (DuSy+ DySy)((2p + 2q + 4)zy* + (4pg + 2p + 2¢9)2°y*))[o—y—1
1 2
= Z(Zp +2q + 4)xy4 + Z(4pq +2p + 2q)x2y4 +4(2p+2q + 4)xy4

4
+ (4pg+2p + 2Q)§m2y4lx:y:1

1 2
= Z<2p+2q+4) + Z(4pq—|—2p—|—2q) +4(2p + 2q + 4)

4
+ 5(4pq +2p + 2q)

27 27
= 10pq + Ep + ?q + 17.

Next we compute the expression for harmonic index for the SiOy(p,q) layer
structure. Using Theorem 2.2.1 and Table 2.2, we have

H(SiOs(p,q)) = 2S,J((2p+2q + 4)zy" + (4pq + 2p + 2¢)z°y"))| o1

1 1
= 2(=(2p+2q+ 4)335 + —(4pq + 2p + 2q)x6)|x:1

5 6
1 1
= 2(5(2p+ 29 +4) + 6(41961 +2p + 2q))

_2 2 4 8
T P T T3 Ty

Next we compute the expression for inverse sum index for the SiOs(p, q) layer
structure. Using Theorem 2.2.1 and Table 2.2, we have

ISI(SiOs(p,q)) = SpJD.Dy((2p + 2q + 4)zy* + (4pq + 2p + 2¢)2°y"))| =1
1 1
= (4E)2r+29+ 4)2° + 4(2)(5)(4pg + 2p + 2¢)2%) |21

= (4(3)(2p + 20+ 4) + 4)(5) (4pg + 2p +20))

_ 66416 16
TP T T g

Next we compute the expression for augmented Zagreb index AZI(G) for the
Si05(p, q) layer structure. Using Theorem 2.2.1 and Table 2.2, we have

AZI(SiOsx(p.q)) = SiQ-2JDID3((2p + 2q + 4)wy* + (4pg + 2p + 2¢)2°y*) =1
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= () (8) (20 + 20+ 4)2° + (35)(4°)(2°) (4pa + 20 + 20)")my
560 560 256

L L s
o7 Pt ot o T3

The proof is complete. O]

2.3 Zagreb polynomials and indices

The following theorem gives the Zagreb polynomials defined by (1.32)-(1.33) and
Zagreb indices defined by (1.15)-(1.17) of the SiO, layer structure.

Theorem 2.3.1. The formulae for Zagreb polynomials and Zagreb indices of SiOs(p, q)
are given below:

M;(Si0O4(p, q),

) (2p + 2q + 4):705 + (4pg + 2p + 2q)x6
M2(SZOQ<p7 >,$

)

) (2p + 2q + 4)2* + (4pq + 2p + 2q)2®
) = 1d4pq + 122p + 122¢q + 100,
)
)

HM (SiOs(p, q)
PM,(SiOy(p,q)) = 240p*q+ 240pg* + 120p* + 720pq + 120¢* + 240p + 2404,
PM,(SiOs(p,q)) = 256p*q + 256pq* + 128p* + 768pq + 128¢* + 256p + 2564.

Proof. The edge partition based on the degrees of end vertices of each edge of graph
of Si0s layer structure is given in Table 2.3. Using this table the Zagreb polynomials
and indices can be computed as follows:

The first Zagreb polynomial M;(SiOs(p, q),z) can be obtained by substituting
the values from Table 2.3 in equation (1.32) as follows:

M,(SiOy(p,q), ) = (2p+2q+4)z"™ + (4pq + 2p + 2¢)2* ™
= (2p+2q¢+ 4)955 + (4pg + 2p + 2q)x6

The second Zagreb polynomial M (SiOs(p, q), x) can be obtained by substituting
the values from Table 2.3 in equation (1.33) as follows:

M5(SiOy(p,q), ) = (2p+2q+4)z™* + (4pq + 2p + 2¢)z***
= (2p+2q+4)x* + (4pq + 2p + 2¢)2®

The hyper Zagreb index HM (SiOs(p,q)) can be obtained by substituting the
values from Table 2.3 in equation (1.15) as follows:

M(SiOs(p,q)) = (2p+2q+4)(1+4)° + (4pg + 2p + 29) (2 + 4)?
= 144pq + 122p + 122q + 100.
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(dg(u),dg(v)), where uv € E(G) | No. of edges
(1,4) 2p+2q+4
(2,4) 4dpq + 2p + 2q

Table 2.3: Edge partition of SiOy layer structure based on degrees of end vertices

of each edge.

The first multiple Zagreb index P M, (SiOy(p, q)) can be obtained by substituting

the values from Table 2.3 in equation (1.16) as follows:

PM;,(Si05(p,q)) = (2p+2q+4)(1+4) x (4dpg+ 2p + 2q)(2 + 4)
240p*q + 240pq* + 120p* + 720pq + 120> + 240p + 240q.

The second multiple Zagreb index M;(Si0s(p, q)) can be obtained by substitut-

ing the values from Table 2.3 in equation (1.17) as follows:

PM>(5i0s(p.q)) = (2p+2q+4)(1 x 4) x (4pg + 2p + 2q)(2 x 4)
256pq + 256pg* + 128p* + T68pq + 128¢* + 256p + 2564.

This completes the proof.
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Chapter 3

Polynomials and Indices of Fullerenes

A fullerene is a carbon molecule in the shape of a hollow sphere or an ellipsoid.
It is a 3-regular plane graph all of whose faces are of lengths £ and 6. The only
values of k for which a (k, 6)-fullerene exists is for £k = 3,4 and 5. All the faces of
an ordinary fullerene have lengths 5 and 6. Kroto et al. [24] discovered a fullerene
molecule and named it the buckminster fullerene. The (3, 6)-fullerenes have received
attention because of the similarity of their structure with ordinary fullerenes. For
further details on the properties of (3, 6)-fullerenes, the reader is referred to [10, 40].
In this chapter, we consider two infinite families of (3, 6)-fullerenes and denote them
as Fi(n) and Fy(n), respectively (See Fig. 3.1). The order of Fi(n) and Fy(n) is
8n + 12 and 12n + 16, respectively.
We compute counting polynomials and their related indices defined by (1.22)—(1.27)

for these fullerenes.

3.1 Counting polynomials and corresponding indices

The vital task in computing the counting polynomials of Fullerenes Fi(n) and Fy(n)
is to find the qoc’s of these fullerenes. The distinct qoc’s with respect to their lengths
in Fy(n) are presented in Fig. 3.2 and Table 3.1, respectively. The qoc’s in Fy(n)
behave differently for even and odd values of n. The distinct qoc’s in Fy(n) and
their lengths, for odd n, are presented in Fig. 3.3 and Table 3.2, respectively. In the
same fashion, the lengths of distinct qoc’s in Fy(n), for even n, are shown in Table
3.3.

The following theorem gives the Omega, Sadhana and PI polynomials of Fi(n)

Theorem 3.1.1. The Omega, Sadhana and PI polynomials of Fi(n) network are
gen by:

Q(Fi(n),z) = P2 gl g 92048 | 9 k2 | o
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Figure 3.1: The fullerene graphs Fi(n) for n = 1 and n = 2 are shown in (a) and
(b), respectively. The fullerenes Fy(n) for n = 1 and n = 2 are shown in (¢) and (d),
respectively

Figure 3.2: The dotted lines show the qoc in Fj(n) for n =1
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Types of goc | Length of qoc | No. of goc
& 2n + 3 1
Cy n+1 1
Cs n+2 1
Cy 2n + 3 2
Ce 2n + 2 2
Cs 1 2

Table 3.1: Types of qoc, length of qoc and number of qoc in Fj(n).

Figure 3.3: The dotted lines show the qoc in Fy(n) for n =1
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Types of qoc | Length of qoc | No. of goc
Cy nth 1
Cy 3n +4 1
Cs 3n+3 1
Cy dntd 1
Cs 3n + 4 1
Ce 3n +4 1
Cy 2n + 3 1
Cy n+1 1
Cy 1 1

Table 3.2: Types of qoc, length of qoc and number of qoc in Fy(n), for odd n.

Figure 3.4: The dotted lines show the qoc in Fy(n) for n =2
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Types of qoc | Length of qoc | No. of goc
Ch 1 1
Cy n+1 1
Cs 3n+4 1
Cy Sn+2 2
Cs 3n + 3 1
Cs 3n +4 2
Cq on +3 1

Table 3.3: Types of qoc, length of qoc and number of qoc in Fy(n), for even n.

Sd(Fy(n),z) = zlOnF15 4 plntl7 | plind16 | 9, 10n+15 | 9100416 4 o, 12017
P](Fl(n),x) — (271 + 3)I10n+15 4 (n + 1)1’11n+17 + (n+ 2)$11n+16 + (4n + 6)1’10n+15
+(4n+4)x10n+16 +2$12n+17.
Proof. The qoc’s Cy,Cy, -+ ,Cg of the graph Fj(n) and their lengths are shown in
Fig. 3.2 and Table 3.1, respectively. Substituting these in equation (1.22), we get
Q(Fl (n>7x) — x2n+3 4 xn+1 + xn+2 4 2x2n+3 4 2x2n+2 + 23:
x2n+3 +xn+1 _|_$n+2 + 2x2n+3 =+ 2$2n+2 + 27,
The Sadhana polynomial of Fj(n) can be obtained by substituting the values
from Table 3.1 in equation (1.24), as follows.
Sd(Fi(n),z) = p(12nH18)=(2n43) 4 (120+18)~(nt1) | o (120+18)—(n+2) | 9 (12n+18)—(2n+3)
107 (120+18)=(2n42) 4 o, (12n+18) -1

I10n+15 _'_x11n+17 +x11n+16 + 2x10n+15 + 2I10n+16 4 2x12n+17.

The PI polynomial is obtained by substituting the values from Table 3.1 in equation
(1.26).
PI(Fi(n), ) = (2n+ 322 H87Cm9) o (1) (201800
+(n+ 2>x(12n+18)*(n+2) +2(2n + 3)x(12n+18)7(2n+3)
+2(2n + 2)3:(12"+18)—(2n+2) + 2(1)x(12n+18)—1
= 2n+3)z' " 4 (n+ D)2 4+ (n +2)2" 0 4 (4n + 6)2 1
(4 + 4)g10n16 9120417,

This completes the proof. O
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Next we find the indices derived from the polynomials computed in the Theorem
3.1.1.

Corollary 3.1.1. The Omega, Sadhana and PI indices of Fy(n) are given below:

Q(Fi(n)) = 12n+ 18,
Sd(Fi(n)) = 96n + 144,
PI(Fi(n)) = 122n®+ 374n + 282.

Proof. Using Theorem 3.1.1 and equation (1.21), and performing some calculations,
the Omega, Sadhana and PI indices are obtained as follows.

QFi(n) = 2n+3)+(n+1)+(n+2)+22n+3) +2(2n +2) + 2
= 12n 4 18.
Sd(Fi(n)) = (10n+15)+ (11n + 17) + (11n + 16) + 2(10n + 15) + 2(10n + 16)
+2(12n + 17)
= 96n + 144.
PI(Fi(n)) = (2n+3)(10n+15)+ (n+ 1)(11ln+17) + (n + 2)(11n + 16)
+2(2n + 3)(10n + 15) 4+ 2(2n + 2)(10n + 16) 4+ 2(1)(12n + 17)
= 122n° + 374n + 282.

The proof is complete. O

Theorem 3.1.2. Let n be an odd integer, then the Omega, Sadhana and PI poly-
nomials of Fy(n) network are given by:

QFy(n),z) = a2 +2%5 4277 43257 4 2243 4 gt 4 g

33n+43 33n+45
Sd(FQ(TL),.Z’) — 2 —|—$15n+21+l‘ 5 +3$15n+20+116n+21—|—ZL‘17n+23

+x18n+23

PI(Fy(n),z) = (3n2+ 5):633”;43 + (3n + 3)2' 2t (—?m;L 3)x

+3(3n +4)x15n+20 4 (2n+ 3)x16n+21 + (n T 1)x17n+23 —l—l’18n+23.

33n+45
2

Proof. The qoc’s C1,Cy, -+ ,Cy in Fy(n), for odd n, are shown in Fig. 3.3. The
lengths of these qoc’s are shown in Table 3.2. Substituting these values in equation
(1.22), we get

3n+5 3n+-2
2 2

3n+3
4 x3n+4 4 x3n+3 s + x3n+4 + x3n+4 + x2n+3 + xn—&-l 4 ZL‘I
3n+

2

Q(FQ(N),I) = Z
3n+5 3 +3x3n+4+x2n+3+xn+l+x.

=z +2"P 4y
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The expression for the Sadhana polynomial for Fy(n) is obtained by substituting
the values from Table 3.2 in equation (1.24), we get

Sd(FQ(n),x) _ :L,(18n+24)—(3"2+5)+x(18n+24)—(3n+4)+x(18n+24)—(3n+3)+:L,(18n+24)—(3"—2+3)

+x(18n+24)—(3n+4) _’_:L,(18n+24)—(3n+4) +x(18n+24)—(2n+3) +x(18n+24)—(n+1)

4 (18n+24)-1

33n+43 33n+45
SoTRRs 15n+21 _{_1,% + 3:B15n+20 +:L’16n+21 _{_$17n+23 —|—£L'18n+23.

= T +x

The expression for the PI polynomial can be computed by substituting the values
from Table 3.2 in equation (1.26), we obtain

PI(Fy(n),x) = (%—;5)@’(18’”‘”4)(3’3“’) 4 (3n + 4)z(18n20-Go+d)
+(3n 4 3)z (1802 =6nt3) | (371 + B)x(18n+24)—(3"27+3)

2
+(3n + 4)x(18n+24)7(3n+4) + (3n+4) p(18n424)—(3n-+4)
+(2n+ 3)(18n+24)—(2n+3) + (TL + 1)x(18n+24)—(n+1) + (1)$(18n+24)—1

3n+5 n+4 3n+3 n+4.
= (ST 4+ B 3t (e

F3(3n 4+ 4)2' 0 4 (20 + 3)2 2 (n 4 1) T 4 180,

The proof is complete. O

Theorem 3.1.3. Let n be an even integer. Then the Omega, Sadhana and PI
polynomials of Fy(n) network are given by:

Q(Fy(n),z) = -+ 2"t + 323t 4 g amt?2 4 g3nd3 4 2043
Sd(Fy(n),z) = pI8n+23 4 1423 4 3150420 95 22 4oplont2l x16n+21’
PI(Fy(n),z) = '™ 4 (n+ 1)a!™ 4 3(3n 4 4)2"" 0 4 z(gn 4 2)p 2
+(3n + 3)2" 2 4+ (2n + 3)2 10"

Proof. The qoc’s C1,Cy, -+ ,C7 in Fy(n), for even n, are shown in Fig. 3.4. The
length and the number of qoc’s are given in Table 3.3. Now we compute the Omega
polynomial for Fy(n) by substituting the values from Table 3.3 in equation (1.22),
we get

Q(Fy(n),z) = x1+xn+1+x3n+4+2x§n+2+x3n+3+2x3n+4+x2n+3

3
_ I‘+$n+1—|—3£L‘3n+4+2I5n+2+£E3n+3+l'2n+3.

The expression for the Sadhana polynomial for Fy(n) is obtained by substituting
the values from Table 3.3 in equation (1.24), we get

Sd(FQ(TL), Jf) _ x(18n+24)—1 + x(18n+24)—(n+1) + x(18n+24)—(3n+4) + 2x(18n+24)—(%n+2)
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4 (187420 —=(3n+3) | o, (18n+24)—(3n+4) | . (18n424)—(2n+3)

33
I18n+23 + 1,17n+23 + 3I15n+20 + 93 n+22 + x15n+21 + 1,16n+21.

The expression for the PI polynomial can be computed by substituting the values
from Table 3.3 in equation (1.26), we obtain

PI(Fy(n),z) = zI8n2D=1 4 (4 1)g(8n+20=(0FD) 4 3y 4 4)p (180424 =(Bnt+4)
+2(;n +2)p18 2= (3 4 3)g (18 +20)=(n+3)
12(3n 4 4)p18nH20=Crtd) 4 (9 4 3)(18n420)~(2043)
= g1 (4 1)1 (3 4 4) 150 4 Q(gn + Q)x%mm
(30 + 3)z15 2 4 (2n 4 3)pl0n+2L,
This completes the proof. n

Next we find the indices derived from the polynomials computed in the Theorems
(3.1.2)-(3.1.3).

Corollary 3.1.2. Letn be an odd integer. Then the Omega, Sadhana and PI indices
of Fy(n) network are given by:

Q(Fy(n)) = 18n+ 24,
Sd(Fy(n)) = 144n+ 152,
557 999
PI(Fy(n)) = TnQ + 7480 + -
Proof. Using Theorem 3.1.2 and equation (1.21), and performing some calculations,
the Omega, Sadhana and PI index is obtained as follows.

I +5 3+ 3
O(Fy(n)) = ”2 +(3n+3)+ n2
= 18n+ 24,
33n, + 43 331 + 45

Sd(Fy(n)) = ———5———-+15n—%21%————5————+15n—%20—k16n—%21%—17n

423 + 18n + 23

= 144n + 152,
3n+5.,33n + 43 3n+3.,33n + 45
PI(Fy(n)) = (F5=)(F75—) + (3n+3)(15n +21) + () ()
+3(3n +4)(15n + 20) + (2n + 3)(16n + 21) + (n + 1)(17n + 23)

+(1)(18n + 23)
= %7712 + T48n + %

The proof is complete. O

+3Bn+4)+2n+3+n+1+1
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Corollary 3.1.3. Let n be an even integer. Then the Omega, Sadhana and PI
indices of Fy(n) network are given by:

Q(Fy(n)) = 18n+ 24,
Sd(Fy(n)) = 144n + 192,

557
PI(Fy(n)) = Tn? + 748n + 500.

Proof. Using Theorem 3.1.3 and equation (1.21), and performing some calculations,
the Omega, Sadhana and PI index is obtained as follows:

Q(Fy(n)) = 1+(n+1)+(3n+4)+2(;n+2)+2(3n+4)+(3n+3)+(2n—|—3)
= 18n + 24,

Sd(Fy(n) = (18n+ 23)+ (170 + 23) + (150 + 20) + 2(°2n + 22) + 2(15n + 20)

2
+(15n + 21) + (16n + 21)
— 1440 + 192,
PI(Ey(n)) = (18n+23) + (n+ 1)(17n + 23) + (3n + 4)(15n + 20) + 2(3/2n
33
+2)(?n +22) 4+ 2(3n +4)(15n + 20) + (3n + 3)(15n + 21)
+(2n + 3)(16n + 21)
957

= Tn? + 748n + 500.

This complete the proof. O

3.2 M-polynomials

This section gives the M-polynomial defined by (1.28) for Fi(n) and F5(n) network.

Theorem 3.2.1. The formula for M-polynomial of Fi(n) is given below:
M(Fy(n);z,y) = (12n + 18)2”y>.

Proof. Since my; is the number of edges uv of F(n) such that {dg(u), de(v)} = {i,7}
and Fi(n) is a 3-regular graph so ms3 = 12n + 18. The number of edges uv of Fi(n)
such that {dg(u),dg(v)} = {i,j} are given below:

M1 = My = M13 = Mg = Moy = Ma3 = Mg = M3q = My = 0,

and
ms33 = 12n 4+ 18.
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Substituting the values of m;; in the equation (1.28), we get

M(Fi(n)iz,y) = (0)ay' + (0)ay® + (0)ay’ + (0)ay" + (0)a*y* + (0)a*y’
+(0)2%y" + (12n +18)2%y° + (0)2°y* + (0)z*y*
= (12n + 18)z’y>.

This completes the proof.
Corollary 3.2.1. The formula for M-polynomial of Fy(n) is given below:
M(Fy(n);z,y) = (18n + 24)z°y>.

Proof. Since mgz3 = 18n + 24. The number of edges uv of Fy(n) such that
{dg(u),dg(v)} = {i,j} are given below:

mi1 = My2 = M13 = M4 = Mo = M3 = Mg = MN34 = MNyq = O,

and
mgs = 18n + 24.

Substituting the values of m;; in the equation (1.28), we get

M(Fy(n)iz,y) = (0)ay' + (0)ay® + (0)zy’ + (0)zy" + (0)2”y* + (0)2%y’
+  (0)z*y* + (18n + 24)2°y° + (0)2®y* + (0)z*y*
= (18n + 24)z°y>.

This completes the proof.
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Chapter 4

Polynomials and Indices of hypercore
dendrimer

Dendrimers are 3-dimensional hyper-branched macromolecules synthetically man-
ufactured with a well-defined structure. The structure of a dendrimer molecule
begins with a central atom or a group of atoms which is called the central core.
First dendrimes were synthesized step-by-step in an iterative process using a di-
vergent approach starting from the core [3, 35]. Later on, a convergent synthetic
approach was introduced in 1990 by Hawker et al. [13]. Dendrimers have a specific
topology and have a large number of chain ends and functional groups. They can
vary in stability, solubility, rigidity and flexibility due to the end functional groups
[37]. The structural property relationships of dendritic molecules can be rationalized
because they have structural homogeneity and regularity. Due to their large size and
structure, they possess unusual physico-chemical properties which are not possessed
by micromolecules [4]. Many dendrimers are synthesized by different techniques.
The hypercore dendrimer considered in this paper is synthesized by a repeti-
tive addition and activation steps which increase the number of branches in the
molecule. The growth of this dendrimer is from the central core to the periphery.
The central core 1,1,1- tris (4-hydroxyphenyl)ethane contains multiple copies of
the functional group, namely hydroxy group, which reacts with and couples with
an activated bifunctional branched structure linked to the central unit in the form
of segments, called dendron, and give a protected hypercore dendrimer. The re-
sulting protected hypercore is then activated by removing its benzyl groups by the
catalytic hydrogenation and produce the first generation hypercore dendrimer (See
Fig. 4.1). Further the first generation dendrimer D; couples with additional bi-
functional monomer to give second generation dendrimer Ds. In the similar way
the synthesized (n — 1) generation dendrimer D,,_; combines with the additional
bifunctional monomer and give D,, and so on. With increase in generation number
time required for completion of reaction also increases. In this chapter, we consider

40



PhCH,
2 OCH2 Ph

OCH 5Ph S

OH

B Couplmg_: PhC}—%O

r

H %N\o

OCH _Ph
OH 2 PhGH o
Bifunctional monomer
Central core OCH ,Ph
PhCHO

H QJ j/OH

O

H
Act\vat\o;
(o]

OH

OH

OH
First generation dendrimer ( D1)

Figure 4.1: Synthetic strategy of dendrimer D,

Figure 4.2: Third generation dendrimer D3

the molecular graph, denoted by D,,, of the hypercore dendrimer shown in Figures
4.1 and 4.2. Here n denotes the different generations of the hypercore dendrimer and
Dy represents the central core. The order and size of D,, are respectively given by
57(2") — 34 and 63(2") — 38. We compute Omega polynomial, Sadhana polynomial,
PI polynomial for D,, using the standard cut method. We also compute topological
indices derived from these polynomials. Furthermore, we compute M-polynomial,
Zagreb polynomials and Zagreb indices for D,,. Some properties of Zagreb polyno-
mials for chemical structures have been studied in [21]. The following section gives
counting polynomials and their related indices defined by (1.22)—(1.27) for D,,.
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Figure 4.3: The dotted lines show the qoc in D,, for n = 2.

4.1 Counting polynomials and corresponding indices

To compute the counting polynomials of D, it is required to find the qocs in D,,.
Different qocs in D,, are shown by dotted lines in Fig. 4.3. The length and the
number of qocs in D,, are shown in Table 4.1.

The following theorem gives the Omega, Sadhana and PI polynomials of D,

Theorem 4.1.1. The Omega, Sadhana and PI polynomials of D,, n = 0,1,2,---,
are given by:
Q(Dy,x) = 3(=3+6(2")2% + (=20 + 27(2"))z,
Sd(Dyx) = B3+ 6(2%))r ) 4 (-0 +27(2%))a®C) P,
PI(Dyz) = 6(=3+ 6(2"))at~40 4 (0 4 27(27))at%")-2

Proof. The qocs of length 2 through the edges of each hexagon are denoted by Cf,
C5 and (5. The qoc of length 1 through the edges not in any hexagon of the D,, is
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Types of qoc | Length of qoc | No. of goc
Ch 2 -3 +6(2")
Cy 2 -3 +6(2")
Cs 2 —346(2")
Cy 1 —20 4 27(2")

Table 4.1: Types of qoc, length of qoc and number of qoc in D,,.

denoted by Cy. From Table 4.1 and equation (1.22), we get

QD,, ) = (=3+6(2")2* + (=3 +6(2")2* + (=3 +6(2"))2® + (—20 + 27(2"))x
= 3(=3+6(2")2* + (=20 + 27(2"))x.

The Sadhana polynomial of D,, can be obtained by substituting the values from
Table 4.1 in equation (1.24) as follows:

Sd(D,,z) = (—3+6(2"))x 63(2")—38-2 (=3 + 6(2n)>x63(2")—38—2 i
(_3 + 6( n)) 63(2™)—38—-2 + (_20 + 27(271))1,63(2")73871
= 3(—=346(2"))2%E)10 1 (20 + 27(2"))2B3*) 739,
The PI polynomial is obtained by substituting the values from Table 4.1 in equation
(1.26) as follows:
PI(Dp,x) = 2(=3+46(2"))a%) 7572 4 2(=3 4 6(2"))a %7552
+2(—3 4 6(27))z )72 ¢ (1)(—20 4 27(2"))2 B ¥
= 6(—3+6(2"))28EF)70 1 (20 + 27(2")) 2339,
This completes the proof. n

Next we find the indices derived from the polynomials computed in the Theorem
4.1.1.

Corollary 4.1.1. The Omega, Sadhana and PI indices of D,, n = 0,1,2,---, are
given below:
Q(D,) = 63(2") — 38,
Sd(D,) = —3600(2")+ 1140 + 2835(2")?,
PI(D,) = —4887(2") 4 1500 + 3969(2")°.
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Proof. By Theorem 4.1.1 and equation (1.23), (1.25) and (1.27), the Omega, Sad-
hana and PI indices are respectively obtained as follows:

QAD,) = 2n+3)+n+1)+n+2)+22n+3)+2(2n+2)+2
= 63(2") — 38.
Sd(D,) = 3(—3+6(2"))(63(2") — 40) + (63(2") — 39).(—20 + 27(2™))
= —3600(2") + 1140 + 2835(2")2.
PI(D,) = 6(—3+6(2"))(63(2") —40) + (63(2") — 39).(—20 + 27(2"))
= —4887(2") + 1500 + 3969(2").

The proof is complete. O

4.2 M-polynomial

This section gives the M-polynomial defined by (1.28) of the dendrimer D,,.

Theorem 4.2.1. The formula of M -polynomial for D,, n = 0,1,2,---, is given
below:

M(Dyp;z,y) = (32")zy® + (=2 + 3(2")zy* + (=15 + 21(2"))2*y* + (—15
+27(2")2%y° + (=3 + 3(2")zy" + (=3 + 6(2")))z°y".
Proof. The possible values of m;;, 7,j > 1 for D,, are given by:
miy = Mg = Maz = Mgy = 0,
mis — 3(2”), mig — -2 + 3(2”), Moo — —15 + 21<2n)’
Moz — —15+ 27(2”), Moy = -3+ 3(271)’ mszq = -3+ 6(2n))
By substituting the values of m;; in equation (1.28), we obtain
M(Dn;zy) = (0)xy' + (0)ay” + (3(2")zy’ + (=2 +3(2"))ay* + (~15
+21(2"))2%y? + (=15 + 27(2"))a%y’ + (=3 + 3(2")) 2%y
+(0)2°y’ + (=3 +6(2")))z°y" + (0)z'y"

= (3(2")wy® + (=2 +3(2")wy* + (=15 + 21(2™)2%y* + (—15
+27(2")2%y” + (=3 +3(2")2%y" + (=3 +6(2"))«"y".

The proof is complete. O
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No. of edges
) 3(2")

) -2+ 3(27)
) —15+21(2™)
)

)

)

—15 4 27(2")
—3+3(27)
—3+6(2")

Table 4.2: Edge partition of D,, based on degrees of end vertices of each edge.

4.3 Zagreb polynomials and Zagreb indices

The following theorem gives the Zagreb polynomials defined by (1.32)-(1.33) and
Zagreb indices defined by (1.6)-(1.7), (1.15)-(1.17) of the dendrimer D,,.

Theorem 4.3.1. The formulae of Zagreb polynomials and Zagreb indices for D,

n=0,1,2,---, are given below:
M, (D, x) (24(2™) — 15)2* + (30(2") — 17)2° + (3(2") — 3)2% + (6(2") — 3)a",
Msy(D,,, ) 3(2M) 2 + (24(2") — 17)x* + (27(2") — 15)2° + (3(2") — 3)2®
+(6(2") — 3)x'?,
M(D,) = 306(2") — 184,
My(D,) = 363(2") — 218,
HM(D,) = 1536(2") — 920,
PM,(D,,) —204120000(2™) + 1571724000(2™)* — 4780490400(2")?
+7172776800(2™)* — 5303037600(2")° + 1543147200(2™)°,
PMy(D,) = —335923200(2") + 2586608640(2")* — 7867321344(2")?

+11804341248(2")* — 8727284736(2")° + 2539579392(2™)°.

Proof. The edge partition based on the degrees of end vertices of each edge of D,
is given in Table 4.2. Using this table, we compute the Zagreb polynomials and
indices. The first Zagreb polynomial M;(D,, x) can be obtained by substituting the
values from Table 4.2 in equation (1.32), as follows:

Mi(Dn,x) = (3(2")2" + (=24 3(2")2" + (=15 + 21(2"))a” " + (=15

4+27(2") 2?3 + (=3 4 3(2"))2*™ + (=3 + 6(2"))2*
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= (24(2") — 15)2* + (30(2") — 17)2° + (3(2") — 3)2® + (6(2") — 3)x”

To obtain second Zagreb polynomial Ms(D,,, z), we substitute the values from Table
4.2 in equation (1.33) as follows:

My(Dp,x) = (3(2)2"® + (=24 3(2"))x"* + (=15 + 21(2"))2>** + (=15
+27(2"))2*% + (=34 3(2")2" " + (=3 +6(27))""
= 3(2")2° + (24(2") — 17)z* + (27(2") — 15)2% + (3(2") — 3)2®
+(6(2") — 3)a'.

We substitute the values from Table 4.2 in equation (1.6) to obtain first Zagreb
index M;(D,,) as follows:

Mi(D,) = (3(2")(1+3)+ (—2+32")(1+4)+ (—15+21(2"))(24+2) + (15
+27(2")(2+3) + (=3 +3(2")(2+4) + (=3 +6(2"))(3 + 4)
= 306(2") — 184.

The second Zagreb index My(D,,) can be obtained by substituting the values from
Table 4.2 in equation (1.7) as follows:

My(D,) = (3(2")(1 x3)+ (—2+3(2"))(1 x 4) 4+ (=15 +21(2"))(2 x 2) + (—15
+27(2"))(2 x 3) + (=3 +3(2™))(2 x 4) + (=3 +6(2"))(3 x 4)
= 363(2") — 218.

We obtain hyper Zagreb index HM (D,,) by substituting the values from Table 4.2
in equation (1.15) as follows:

HM(D,) = (3(2")(1+3)%+ (—2+3(2")(1 +4)* + (=15 + 21(2"))(2 + 2)?
+(=154+27(2")) (2 +3)% + (=3 +3(2"))(2 + 4)* + (=3 + 6(2"))(3 + 4)*
= 1536(2") — 920.
We obtain first multiple Zagreb index PM;(D,,) by substituting the values from
Table 4.2 in equation (1.16) as follows:
PMy(D,) = (3(2")(1+3) x (=24 3(2")(1 +4) x (=15+21(2"))(2+2) x (=15
+27(2"))(24+3) x (=3 +3(2"))(2+4) x (=3 +6(2"))(3+4)
= —204120000(2") + 1571724000(2"™)? — 4780490400(2")?
+7172776800(2™)* — 5303037600(2™)° + 1543147200(2™)°.

The second multiple Zagreb index M;(D,,) can be obtained by substituting the
values from Table 4.2 in equation (1.17), as follows.

PMy(Dy) = (3(2"))(1 x 3) x (=2 + 3(2"))(1 x 4) x (=15 + 21(2"))(2 x 2) x (—15
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+27(2"))(2 x 3) x (=3 +3(2"))(2 x 4) x (=3 +6(2"))(3 x 4)
= —335923200(2") + 2586608640(2")* — 7867321344(2")*
1+11804341248(2")* — 8727284736(2")° + 2539579392(2")°.

This completes the proof.
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Appendix A — graph-theoretic symbols

E(G) edge set of G

m size of G

V(G) vertex set of G

n order of G

de(u) degree of vertex u (in G)
I(G) minimum degree of G

A(G) maximum degree of G

W, wheel graph

Ch cycle on n vertices

G complement of G

K, complete graph on p vertices
Ky, complete bipartite graph with parts of cardinalities p and ¢
P, path on n vertices

T tree

48



Bibliography

1]

2]

3]

4]

[5]

6]

17l
8]

19]

[11]

[12]

A. R. Ashrafi, M. Ghorbani, M. Jalali, Computing Sadhana polynomial of V-
phenylenic nanotubes and nanotori, Ind. J. Chem. 47A (2008), 535-537.

B. Bollobés and P. Erdds, Graphs of extremal weights, Ars Combin. 50 (1998),
225-233.

E. Buhleier, W. Wehner, F. Vogtle, aAlJCascadeaAl- and AAIJNonskid-Chain-
likeAAT syntheses of molecular cavity topologies, Synthesis, 2, (1978), 155-158.

H.-F. Chow, Tony K.-k. Mong, M. F. Nongrum, C.-W. Wan, The synthesis
and properties of novel functional dendritic molecules, Tetrahedron 54 (1998),
8543-8660.

M. V. Diudea, I. Gutman, J. Lorentz, Molecular topology, Nova, Huntington,
2001.

M. V. Diudea, S. Cigher, and P. E. John, Omega and related counting polyno-
mials, MATCH Commun. Math. Comput. Chem. 60 (2008), 237-250.

M. V. Diudea, Omega polynomial, Carpath. J. Math. 22 (2006), 43-47.

E. Deutsch, S. Klavzar, M-polynomial and degree-based topological indices,
Iran. J. Math. Chem. 6 (2015), 93-102.

M. Deza, P. W. Fowler, A. Rassat, K. M. Rogers, fullerenes as tiling of surfaces,
J. Chem. Inf. Comput. Sci. 40, (2000), 550-558.

M. DeVos, L. Goddyn, B. Mohar, R. Samal, Cayley sum graphs and eigenvalues
of (3, 6)-fullerenes, J. Combin. Theory Ser B. 99 (2009), 358-369.

B. Furtula, A. Graovac, D. Vukicevi¢, Augmented Zagreb index, J. Math.
Chem. 48 (2010), 370-380.

G. Fath-Tabar, Zagreb polynomial and PI indices of some nano structures, Dig.
J. Nanomater. Bios. 4, (2009), 189-191.

49



[13] C. J. Hawker, J.M.J. Fréchet, Preparation of polymers with controlled molec-
ular architecture. A new convergent approach to dendritic macromolecules, J.
Am. Chem. Soc., 112, (1990), 7638-7647.

[14] M. Ghorbani, N. Azimi, Note on multiple Zagreb indices, Iran. J. Math. Chem,
3 (2012), 137-143.

[15] M. Ghorbani, M. Jalali, Omega and Sadhana polynomial of an infinite family
of fullerene, Digest Journal of Nanomaterials and Biostructures, 4 (2009), 177—
182.

[16] J. L. Gross, J. Yellen, Graph Theory and its applications, Chapman and
Hall/CRC, USA, 2006.

[17] I. Gutman, Molecular graphs with minimal and maximal Randi¢ indices, Croat.
Chem. Acta. 75 (2002), 357-369.

[18] I. Gutman, Degree-based topological indices, Croat. Chem. Acta. 86 (2013),
351-361.

[19] I. Gutman, N. Trinajsti¢, Graph theory and molecular orbitals: total m-electron
energy of alternant hydrocarbons, Chem. Phys. Lett. 17 (1972), 535-538.

[20] I. Gutman, A formula for the Wiener number of trees and its extension to
graphs containing cycles, Graph Theory Notes New York, 27, (1994), 9-15.

[21] I. Gutman, K. C. Das, Some properties of the second Zagreb index, MATCH
Commun. Math. Comput. Chem., 50, (2004), 103-112.

[22] H. Hosoya, The topological nature of structural isomers of saturated hydrocar-
bons, Bull. Chem. Soc. Japan, 44 (1971), 2332-2339.

[23] P. V. Khadikar, On a novel structural descriptor PI, Nat. Acad. Sci. Lett. 23
(2000), 113-118.

[24] H. W. Kroto, J. R. Heath, S. C. O’Brien, R. F. Curl, R. E. Smalley, C 60:
buckminsterfullerene, Nature, 318, (1985), 162-163.

[25] P. V. Khadikar, S. Karmarkar, V. K. Agrawal, J. Singh, A. Shrivastava, I.
Lukovits, M. V. Diudea, Szeged index AU Applications for drug modeling,
Lett. Drug Design Discov. 2, (2005), 606-624.

[26] D. Konig, Theorie der endlichen und unendlichen Graphen. Akademische Ver-
lagsgesellschaft, 1936 (reprinted Chelsea 1950).

20



[27] S. Klavzar and I. Gutman, Wiener number of vertex-weighted graphs and a
chemical application, Disc. Appl. Math. 80, (1997), 73-81.

[28] D. J. Klein, Z. Mihalic, D. Plavsic, N. Trinajsti¢, Molecular topological index:
A relation with the Wiener index. J. Chem. Inf. Comput. Sci. 32, (1992), 304—
305.

[29] F. Liebau, Structural chemistry of silicates: structure, bonding and classifica-
tion, Springer-Verlag Berlin Heidelberg, 2008.

[30] S. Nikoli¢, G. Kovacevi¢, A. Mili¢evi¢, and N. Trinajsti¢, The Zagreb indices
30 Years After, Croat. Chem. Acta. 76 (2003), 113-124.

[31] D. Plavsi¢, S. Nikoli¢, N. Trinajsti¢, Z. Mihali¢, On the Harary index for the
characterization of chemical graphs, J. Math. Chem. 12, (1993), 235-250.

[32] M. Randi¢, On characterization of molecular branching, J. Amer. Chem. Soc.

97 (1975), 6609-6615.

[33] G. H. Shirdel, H. R. Pour, A. M. Sayadi, The Hyper-Zagreb index of graph
operations, Iran. J. Math. Chem. 4, (2013), 213-220.

[34] H. P. Schultz, Topological Organic Chemistry 1. Graph Theory and Topological
Indices of Alkanes. J. Chem. Inf. Comput. Sci., 29, (1989), 227-228.

[35] D. A. Tomalia, H. Baker, J. Dewald, M. Hall, G. Kallos, S. Martin, J. Roeck, J.
Ryder, P. Smith, A new class of polymers: starburst-dendritic macromolecules,
Poly. Jr., 17(1), (1985), 117-132.

[36] D. Vukicevié¢, M. Gasperov, Bond Additive Modeling 1. Adriatic Indices, Croat.
Chem. Acta. 83 (2010), 243-260.

[37] F. Vogtle, G. Richardt, N. Werner, Dendrimer Chemistry, Wiley-VCH, 2009.

[38] H. Wiener, Structural determination of paraffin boiling points, J. Amer. Chem.
Soc. 69 (1947), 17-20.

[39] D. B. West, An Introduction to Graph Theory, Prentice - Hall, 1996.

[40] R. Yang, H. Zhang, Hexagonal resonance of (3,6)-fullerenes, J. Math. Chem.
50, (2012), 261-273.

[41] L. Zhong, The harmonic index on graphs, Appl. Math. Lett. 25 (2012), 561-566.

o1



