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ABSTRACT

The main purpose of this work is to develop a mathematical
model based on the Valance Molecular Connectivity theory
which is initiated as an extension of graph theory having
its roots especially in structure-activity studies concer-
ning drug-design and toxicity prediction in pharmaceutical
chemistry, to evaluate the compartmental distribution of

various aromatic pollutants in the environment.

During the last decade concerns have been expressed as to

the "best way" to assess the potential hazards pesed by ex-
posure to chemical substances. In response to these concerns,
the chemical group of OECD initiated a hazard assessment pro-
ject to examine the available methods for hazard assessment
of chemicals. The main purpose being to determine how infor-
mation on theultimate fate and effects of a chemical can be
derived from the set of premarket data, the group accepted

four models for the estimation of exposure potentials of



chemicals within environmental compartments of major concern.
ALl of the four models accepted by OECD chemical group was
based on the concept of fugacity and essentially needed the
following data

e molecular weight

® water solubility

@ Vapor pressure

@ soil sorption gonstant

@ octancl-water partition coefficient

However, the availability and precission of the set of data
proposed, especially for chemicals which have rather large

and complicated structures was a drawback of these models.
Hence, a reasonable model to evaluate this distribution quan-
titatively without needing such hard-to-gather data would have
been a remarkable advance in prediction of environmental ha-
zards that are going to be caused by unknown chemicals

irrespective of size and conformation.

In this work a new mathematical model (VMCI) based only on
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the topological characteristics of molecules is developed
in order to evaluate the distribution of chemicals within
various compartments of the environment such as air, soil,

water, biota, suspended solids and sediment.

The Valance Molecular Connectivity Index, which is the basis
of this new model is known to correlate significantly with
a number of structure dependent physicochemical prqperties,
and by this work 1t has now been shown to have a high degree
of correlation also with water solubilities, vapor pressures
and partition coefficients hence with the partitioning pro-

perties of molecules.

As a result, by comparing the two completely different methods
of evaluation (VMCI and Level I Fugacity Models) this work
proved that it is possible to predict the compartmental dis-
tribution of any aromatic compound quantitatively within

a high accuracy just by considering the molecular geometry.

The superiority of this model compared to fugacity dependent



xii

models accepted by OECD lies in the fact that it does not
require the physical data such as solubility, vapor pressu-
re or partition coefficient. Relevantly another superiority
comes out to be the ability to stay as accurate when even
very complicated molecules are investigated while for fuga-
city dependent models accuracy diminishes due the difficul-

ties in obtaining the experimental data.
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OZET

Bu galigmada (izit Kuraminin bir pargasi olarak son yillarda
6zellikle farmasttik kimya dalinda yapi-etki iligkilerinin
incelenmesinde yaygin olarak kullanilan Valans Molekiiler Ko-
nektivite indeks'lerine bagli matametiksel bir modelin ge-

listirilmesi amaglanmigtir.

Bu model yardim ile Polisiklik Aromatik Hidrokarbonlar (PAI),
Alkilbenzenler, Pé]jklorine Siklik Aromatik Hidrokarbonlar (PCB)
ve Halojen Substitiiye Benzenlerin gevredeki denge dagilimlarainin
hesaplanmasi ve boylece bu kimyasallarin ¢evrenin gegitli kom-
partmanlarinda (hava, toprak, su, biota, as1li1 madde ve sedi-

ment) hangi badil konsantrasyonlara ulagacaklar hesaplanmigtir.

Son yillarda atik olarak gevreye giren ve sagligi tehdit eden
cegitli maddelerin gevredeki dagliminin sudaki gbzunirlikleri,
buhar basinclari ve oktanol-su orani katsayilari gibi fiziko-
kimyasal baz: 6zelikleri kullanilarak hesaplanmasi OECD Cevre
Analiz Grubu tarafindan ele alinmig ve bu amagla Mackay tara-

findan gelistirilen maddenin bir fazdan kaginmim yatkinligi il-
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kesine dayali "fugasite Modeli" esag olarak belirlenmigtir.

Bu calisma ile gelistirilen matamatiksel modelin bu konuya
katkisi ise, stzkonusu dafilimi, yukarida sozil edilen ve G-
zellikle cevre bilimlerinin ilgi alanina giren biyiik mole-
kiiller icin literatiirde bulunmasi zor olan birgok fiziko-

kimyasal parametreye gercksinim olmadan hesaplayabilme ko-

laylifjiny saglamasidir.

S6zU edilen doért aromatik grup lizerinde yapilan detayli bir
istatistiki inceleme sonucu elde edilen veriler OECD tara-
findan benimsenen fugasite modeli ile elde edilen verilerle
karsilastirildiginda modelin ylksek bir korrelasyonla calig-
t1g1 gozlenmis ve bu tiir hesaplarin yapilabilmesi igin sade-
ce molekiiler geometri ve molekiler agirligin yeterli olaca-

g1 kanitlanmigtar.
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I- INTRODUCTION

During the past two decades, the study of Quantitative-Structure-
Activity-Relationships (QSAR)is being used extensively in pharma-
cology, especially in drug designand toxicity prediction. The
recent developments in this area made this approach a valuable

tool also for the prediction of environmental hazards.

Itis clear that, the number of.organic chemicals currently

used, are produced on commercial scale amounts to several tens of
thousands per year and no doubt, many new ones will be introduced in
increasing amounts in the future. Hence, for the past few years, the
concern over the potential hazard of these compounds has led to a con-
siderable amount of scientific research mainly on the partitioning
behaviour of these compounds which plays a major role in the envi-

ronment. Since each of these compounds can not be extensively



tested experimzntally both in organisms and ecosystems, the predic-
tion of environmantal behaviour of these compounds to day, are largzly
_based on various approaches in QSAR. Tﬁerefore, the efforts for the
estimation of certain structure related physicochemical properties
of these éompounds through QSAR are gaining imbortance. Conceivably,
the mostvexpliCit damonstration of the interactive role played by
the molecular environment on biologic activity is obssrved in the
action of drugs. It was Hansch! who first proposesd that biologic ac-
tivity very often dzpends parabolically on the lipid-aqueous phase
partition coef;icient of the compouid in question and definzd a
hydrophobicity factor (W) which measures logarithmic changss in

the partition coefficient. By applying the measured N constants,
Hansch has been able to obtain startling correlations of mol=zcu-
lar structure with the observed activity in most in vivo and in vitro
biological tests. The2 basic Hansch equation, thé starting point of
many later correlations, was derived® by considzring the gzn=ral
case of a drug applied to any biological system. In any biological
test, only two quantities may bz measured; the amount of compound
given (the dos2) and the biologic activity obtained (the responsa).
And the responsz is dztermined by the structure, that is by the
physicochemical propecties of the compound. For example It has

long bsen recognized that the absorption and ensuing transport

of a drug or any compound from the applied phase to a sensitive



site or another phase is governed largely by a lipophillic-hydrophillic
balance that can be expressed in terms of the corresponding partiti-
on coefficient. It is later demonstrated by Collandefzéaat the rate
of transport of many organic compounds from one phase to another 1is
proportional to the logarithim of their partition coefficients bet-
wéen an organic solvent and water. One primary function of Hansch
analysis and other structure-activity methods is to predict optimal
molecular or structural characteristics for the design of chemical
agents to improve or optimize biological activity. On the other
hand, the utility of these methods for studying the dynamics of mole-
cules concerning, for example-the transport through different envi-

ronmental phases, can not be disregarded.

This work, using an entirely different approach, based on the topo-
logical characteristics of molecules, will discuss the extent to
which we can use our present understanding of intermolecular interac-
tions to explain and ultimately predict the environmental behaviour
in congeneric sets of environmentally hazardous chemical comipounds.
So, inorder to achieve this goal, a methematical model based on
topologicgl characteristics of the molecules is set up and a

sound expression relating compartmantal behaviour of a group of

molecules with their topology dependent molecular properties is derived.



For the purpose of predicting those properties, many workers used
various approaches in QSAR investigations. The use of various mo-
lecular orbital concepts —, quantum statistical approximations

and many other new types of substituent constants7 which. joined the

ranks of & , 3T and Es in Hansch type QSAR studies are among them.

Despite the limited and quantitative nature of the majority of
structure-activity relations observed ip the first half of XX.
century, the justification of the hypothésis that the activity
or the behaviour of a substance is a function of its structural

features, must be regarded as a general outcome of such relations.

In the simplest case, we know that the structural formula of a
molecule conveys a lot of information about the molecule it re-
presents. And it tells us not only which atoms are present but
also gives an indication of the way they are linked together.

The structural formula thus, gives information about the topology
of a molecule, i.e. the way the constituent atoms are connected
in space. The structural formula, however, is not the only way

of presenting this information. Recent developments in the repre-

sentation of chemical species have made possible a wide variety



of methods to be developed. Among them, there are certain mathematical
formulas known as topological indices, which provide a convenient
means of encoding, into one comperatively simple mathematical for-
mula, the topological structure of any chemical species. In view

of the importance of many of the conceivable uses of topological
indices such as in cancer research or in drug design, it is not
surprising that they have evoked a great deal of interest recently
in the field of environmental sciences. One of the most informa-
tive topological indices proposed to date was put forward in 1976

by Kierr and H3118 which are knoéwn as valance molecular connectivity
indices. This concept was used widely in structure activity analysis

of drug molecules.

Table I.1 shows several investigations in structure- activity
relationship analysis of drugs by using valance molecular connnectivity.
This work evaluates the concept of valance molecular connectivity

as a means for predicting the possible compartmental distribution

of environmentally hazardous chemical substances. The mathematical

model set up is based on a large group of substituted benzene de-
rivatives which includes PAH, PCB and halogen substituted benzenes.

The hazardous aspects of benzene and its derivatives has long been
recognized'and have been extensively studied. The biological effects

of benzene and its simple derivatives may range from odor sensation



Table I.1. Use Of Valance Connectivity Indexes In Structure

Activity Relationship Studies

Study Molecules Reference
Toxicity of anesthetics Ethers 9
Anesthetic potency Ethers, ketones 10
Barbiturate potency Barbiturates 11
Partition coefficient Hydroxyureas 12
Carminative activity Alcohols, esters 13
Chromatographic retention Alcohols 14
Hiickel pi electron enrgy Aromatic hydrocarbons 15
Taste threshold Alcohols carbonyls, acids, 16

esters
Bitter taste Amino acids, peptides 17
Boiling point Alcohols, amines,halides 18
Solubuluties 18
Molar refraction 18
General anesthetics Mixed 19
Cytochrome conversion Phenols 20
Sweet taste Nitroanilines 20
Enzyme inhibition Benzyl alcohols 20
Toxicity Phenyl phosphates 20
Odor Benzaldehydes, nitrobenzenes 21
Hallucinogenic activity Phenylisopropyl amines 22
Mutagenicity Nitrosamines 23
Serotonin antagonists Phenalkylamines 24
Serotonin antagonists Lysergic acid amides 25
Muscarinic antagonists Amines 26
Antimicrobial activity Phenyl propyl ethers 27
Chromatgraphic retention  Mixed 28
General anesthetics Halocarbons 29
Hallucinogenic agents Phenethylamines 30
Monoamine oxidase Hydrazines 31
inhibitors
Hormone class Steroids 32
Reductase inhibitors Benzohydroxamic acids 33



to production of lesions in blood, liver kidney and nervous tissue. .
In addition to being toxic to mammals, many of these derivatives
show marked biological activity on a wide variety of other orga-
nisms including bacteria, plants, insects and fungi. The type

and intensity of this effectbvaries with the nature and the posi-

tion of the substituent on the benzene ring.

In study of the relationship of structure and physical properties
to activity one generally examines not only the positional isome-
rism, or steric and inductrometric effects of these substituents
but also the effects of these substituents on the physical pro-
perties of molecules such as vapor pressure, solubility and par-
tition coefficients so that a bridge between these structure de-
pendent properties and the activity can be set up . From the point
of wiew of an environmentalist, on the other hand, this approach
concering mathematical manuplation of several of these S%Yucture
dependent molecular parameters may as well lead toagcompact repre-
sentation of possible distribution of these compounds in the envi-
ronment.We know that, every physicochemical property which is addi-
tive in the broadest sense of the word, is a function of the number
and sort of valancy bonds or energy units of the molecules exhibiting

the particular property.



It is also obvious that in a congeneric series, when it is incon-
venient or impossible to obtain parameters for a series of molecu-
les, a model that is independent of these parameters can be used,
assuming that the various substituent groups contribute additively

and linearly to the specific property.

In this work,such a model, based on the graph theoretical evacation
of zero to second order valance melocular connectivity indices is
developed to predict the compartmental behaviour of a series of
substituted benzene derivatives including PAH, PCB and halogen
substituted benzene derivatives. Those indices when evaluated
according tofMackay‘s level I fugacity model, have'led to an ex-

pression of type

Z =CexpA

where Z is the. fugacity capacity for & certain compartment and
C and A are semiempirical constants determined through the appro-

priate use of valance molecular connectivity indices.

Hence, by simple physicogeometric evaluation of zero to second

order valance molecular connectivity indices, one can easily



predict amounts, concentrations mass and equilibrium partitioning

values for a specific member of the congeneric series.

As a result, it clearly appears that by the application of graph
theory real advonces should be expected also in the field of en-
vironmental sciences provided that the deserved attention is payed
to different modifications of the capacity for molecular binding,
which is readily susceptible to calculation yhatever the complexity

of the given structure is.



The atoms were dancing before my eyes.......my mental eye.....
could now distinquish larger structures of manifold conformat rong
long rows...... all twining and twisting 1o snake-like motion. But
look! What was that? One of the snakes had seized hold of his own

tail, and the form whirled mockingly before my eyes,

Kekulé 1858
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II. GRAPH THEBRY AND ITS APPLICATIONS

II.1. HISTORICAL BACKGROUND AND ITS DEVELOPMENT

Graphs were first invented in the mid 1730's by Euler, who used
idealized networks to solve a celebrated problem of his time known
as ‘the Konigsberg bridge problem. Since then, graphs have been
employed in a variety of different contexts, such as Kirchoff's
electrical circuits and recently the theory has developed %nto

an important branch of mathematics with many applications to a
large number of other disciplines.-~Thus, today graph theory is

. making a significant impact 1n many fields such as economics,
psychology, nuclear and theoretical physics, ‘linguistics, sociology

and mathematical biology.

The use of graphs to depict molecules was the first application
of graph theory to chemistry. .This represented a major advance
and has been claimed to be themost fruitful scientific discovery
ever made. The importance of this discovery can hardly be over-empha-

sized since 1t has provided the necessary conceptual framework

10



in which mpdern organic and later inorganic chemistry could'de=
velop and thus, has been directly responsible for the foundation

and phenomenal growth of chemistry over the last century.

The originatir of this idea, namely the graphical representation
of molecules is quite difficult to pinpoint. Although a nufmber

of workers had similar thoughts on the subject at about the same
time, the first use of the term 'structural formula' in its mo-
dern sense is due to the Russian chemist Butlerov (1861; and
recently it is recoghized‘that all covalent structures‘may be rep-

resented by either a two or a three-dimensional graph.

A graph is an abstract mathematical concept, probably most easily
visualized as a cotlection of points and lines, drawn so that
pairs of points are connected together. A graph thus provides not
only the chemical constitution but also the complete topology

of the molecule it represents. In this mode of representation

the vertices stand for the time average position of the ato-

mic nuclei while the edges symbolize the valance bonds con-

necting the nuclel.

Graph theory, which 1s sufficiently broad in scope to serve as

a foundation for the representation and categorization of large

1



numbers of . chemical systems, has been successfully employed
in a numbér of problems which arrise from studies of chemical
structure. So, the advantage of the use of its techniques in che-
mistry lies in its exceptional versatility in both the depiction

and categorization of molecular structure.

In recent years, a large number of nomenclature systems based

on - graph theory have been devised both for the representation
and for the computer searching of structures. Depending on the
nature of the problem ‘to be tackled, these systems have represen-
ted molecular structures by codes, matrices or polynomials7% This
representation has provided the basis for an efficient technique

for séarching files of chemical compounds stored in coded form.

Fugmann et. ai?{ a few years later ook this concept one step
further and attempted to represent the chemical concepts and their
interrelations in graph theoretical language. On the other hand,
methods based on the representation of structures by matrices and
polynomials have also proved their value in computerizing chemical
information. This new mode of representation, due to Spialter was

based on the so-called atom connectivity matrix (ACM) for a molecule
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and was essentially a method of representing the graph of the mole-

cule in‘matrix form as will be illustrated in thelfonegoing sections.

Another system was developed by Lederberg and his co—workeréﬂ‘which
is known as the Dendritic Algorithm (DENBRAL) method which uses a
line representation for molecules consisting of letters, dots and
other typographical symbols.The importance of this method ties in
its successful application to the interpretation of mass spectra
by matching the structures7sand to the enumeration of structural

isomers.

The use of graphs to represent complex chemical systems is compa-
ratively recent. During the last decade graphs have been increasingly
employed to represent a great deal of information about systems which
are oftenvvéf;complicated, in quite a convenmient and concise way.
From these studies, useful information on the differences in the
stereoisomerizations for alternative mechanisms and the relative

energy relationships involved has emerged:

At the beginning of 70's intentions were made to investigate the

applicability of the mathematical apparatus of Graph Theory (GT)

76,717

to the Hiickel's'molecular orbital theory (HMOT) . As an interes-
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ting outcome of this treatment, it has been shown that the problem
of Hiickel orbital energies can be completely reduced to the adja-
cency matrix eigenvalue problem in GT. In other words, the spectrum
of eigenvalues obtained from the graphical approach were found to be
so closely related to the energy levels obtained from the Hiickel
matrix that, the terms eigenvalue and energy level are used in-
terchangeably in this context since then. On the other hand, it

is clear that, quantities derived from the Hickel theory, inclu-
ding a number of indices such as charge density, bond order etc.
are determined by the topblogy of'the species considered. So, it
has been observed that most aspects of MO theory put forward by
Hiickel, have a very close connection with the graphical (topo-

logical) representation of molecular species.

Today, we know that those indices may also be derived from the cha-

racteristic polynomials in graph theory.

Hence, because of its unique way of encoding the topological struc-
ture of a molecule, graph theoretical approach, as well as Hickel
theory has found one of its prime applications in the derivation

of physical properties of chemical species by the use of those indices.



Graph theory also proved of benefit in kinetic studies on the reac-
tivity of chemical species because incipient or partial bonds which
are formed during a chemical reaction can be represented by means of

fractional connectivity entries in this method.

So, this mode of representation enabled graph theory to represent
a whole series of chemical states of a molecule by the appropriate
sequence of matrices the aggragate sum of which represents the

total molecule.

The next major advance parallel to this idea, led to the application
of Additivity Principle to graph theory. This, the concept that the
chemical components of molecules could display fixed characteris-
tics in series of molecules, have led to a number of new and useful
indices which are topological in nature for predicting the additive
physicochemical properties of molecules. Hence, graph theoretical
approach constituted a reasonable and useful mathematical model

for the prediction of quaﬁtitative structure activity relationships
(QSAR). However, up to late 70's graph theory, within its limitations,
was mostly applied to and had been succesful with small, straight

chain molecules. When those limits werit beyond the need for a simple



filing and.coding system for chemicél species and larger molecules,
aromatic compounds and especially heteroatoms were considered,

some modifications on the model, involving the electrical nature
of bqnds, was required to be done as to take care of size effects,
conformational differences and presence of heteroatoms. In other
words, the model to be set up should go beyond the structural fact
of adjacency, which is the basis of graph theory and should con-
sider the éount of valance electrons participating in G , W and

lone pair orbitals on each atom.

Among the few approaches to accomplish the encoding of such
structural differences, the approach of Kierr and Hail7§ propo-
sing the idea of using nyalance molecular connectivity" instead
of "simple atom connectivity" have found its prime application

in the derivation of physical properties of molecules and con-
sequently in QSAR studies. Their approach quantized the molecular
structure encoding information about size, branching, cyclization,

unsaturation and-heteroatom content.

16
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This-apprdach-dohstitUteS'the basic‘theory on which this work

has been set up. Hence, in addition to the possible applications

of graph theory which have been summarized above, This work under-
lines another specific area in which graph theory is likely to have
an important impact in the coming decade; that 1is the determination
of the types of functions relating quantitatively the structural
characteristics of a substance to its behaviour in the environ-

ment. In other words, the environmental techology....

I11.2. THEORY

II1.2.1. GRAPH THEORY AND REPRESENTATION OF MOLECULES

As we all know, chemical pictographs or molecular diagrams are
the natural language in which chemists describe moleculesand re-
actions thereof. In this mode of representation, the essential

components are the constituent atoms and the bonds between them.

Consider molecules as being "connected collections of readily re-

cognizable local assemblies of atoms", such as chains, n-membered
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rings, functional groups etc., and to such local assemblies,
assign characterisctic symbols with, suitable additional symbo-

1ism to describe their ~interconnections.

This method of describing molecular pictographs is based on some
sort of topological mapping of the individual atoms and the bonds

between them.

It appears likely that such a representation based only on atoms
and interconnecting bonds is the simplest mathematical transfor-

mation of a chemical pictograph.

This class of representation is jnitially based on a special matrix
construction which is then converted by standart algebraic techni-
ques to a derivative form which has interesting and useful pro-

perties.

A graph; in more general terms, is a mathematical structure which
may be used to depict the topology of any given system. A chemical
graph on the other hand, is defined as a set of points, known as

verticés, and set of lines, known as edges, which connect pairs

of vertices. So, in a chemical graph the vertices represent atoms
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and edges represent the bonds between them. Figure 11.1 shows

chemical graphs representing the molecules of propane and benzene.

Since the chemical graph provides a Pictorial representation of
the itopology6fra-chemical ~species it is regarded as the first

stage in the construction of the topological index for the species.

n-Propane

Benzene

CgHe

Fig. 1I1.1.: Chemical graphs of propane and benzene where atoms

are represented by vertices and bonds by edges.



In this context, a graph can be defined as "an abstract mathema-
tical concept which can be visualized as, a collection of points

and lines drawn so that pairs of points are connected :together."

So before going further to the details,.to make the terminology
clear in the following discussion on the derivation of some basic
graph theoretical concepts, we should have a look at some of the
equivalent terms used by mathematicians and chemists when describing

chemical graphs listed in table II.l.

Table II.1. : Equivalent terms used by mathematicians and chemists

when describing graph theoretical concepts.

MATHEMATICAL TERM CHEMICAL TERM
Chemical graph Structural formula
Vertex Atom

Edge Chemical bond
Degree of a vertex Valancy of an atom
Adjacency matrix Topological matrix
Bhpartitg graph Alternant molecule
Cycle with n vertices h- Annulene

Chain with n vertices n- Polyene

Figenvalue Energy level

20



11.2.2: ASSEMBLING THE ATOM CONNECTIVITY MATRIX

A graph G, may be defined as." a set X, of points, together with
an operator (4" ) which generates the lines inthe graph, by map-
ping points of X into neighbouring poirﬁ%?".A graph, which now
may be represented symbolically as Gx= ( X,ﬁq), thus gives all
the neighbourhood relations for the set X. Here, the function

of T , is to create from X, a new set Y, consisting of unordered
pairs of X,.the members of which are the vertices of the graph,

while the members of set Y represents the edges.

The following approach based on the topology of the molecule assi-
milates a covalently bonded molecule with a graph whose vertices
(points) are the atoms and whose edges (lines) are the covelent
bonds. The structure or the topology of the molecule is then
uniquely encoded in the adjacency matrix of its graph. By defi-
nition, the adjacency matrix A= [:aij:] of a graph G with P
points Vj, Voo...Vp is the binary matrix in which ajy = 1

when V3 and Vj are adjacent (bonded in chemical terminology)

and ajj =0 otherwise, including the main diagonal elements.

This implies that, all adjacency matrices must be symmetrical

21



about the principle diagonal, which itself:will always consist

only of zero entries.

Figure II.2. illustrates the structure of adjacency matrices
for three different types of chemical graphs having the confi-

gurations of a star, a chain and a ring

2 3 L
1 1 2 3 4 5 SQZ
o—0——0——0—>0
5 4 4 ?
12345 12345 12345

1jo1111 101000 1fo1 001
2110000 211 0100 211 01 0.0
3j11 0000 : 36 1010 33010180
411 0000 4106101 4100101
510000 5|,00010 510010
Fig. I1.2. = The,adjénbency matrices for three types of chemical

graphs having different configurations.

22



A different but related matrix which also encodes uniquely the
structuce of the molecule put forward by Spialtefj179} is the
Atom Connectivity Matrix. This matrix differs from the adjacency
matrix in two respects:

- On the main diagonal the chemical elements are displayed in-
stead of zeros which contain no information.

- Off the main diagonal, bond parameters describing the bonds,

such as bond orders 1,2,3 (or fractional ones) are displayed.

Hence, the Atom Connectivity Matrix, simply known as ACM beco-

mes some sort of topological mapping of the individual atoms

and the bonds between them. So, it is a universal symbolism which,
with only two simple rules, allows ready transformation of the
usual two dimensional pictorial molecular representation into

. . .
a unique mathematical expression.

RULE I: Sketch the molecule with all the atoms (or radicals,
nuclei etc.) and jnteratomic connectivities (bonds, bond orders,
force constants, ionic character, dipole moments, vectorial com-

ponents etc.) to be lncorparated into the ACM.

22
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RULE II: Construct the matrix array composed of mathematical
elements ajj where 1 and j are iﬁtegers defining the row and-
the column respectively. In the diagonal elements where 1 = J,
are placed symbols for the atoms, radicals, electron charges

or other groups making up the molecular formula in any order.

In the respective of f-diagonal positions where i # j, are
placed the connectivity parameter between the groups 1n qués-

tion.
To describe the assembling of the ACM array let us take the

hypothetical "molecule" which had been previously used by L.

Spialterll,

where connectivities pictured are conventional bond orders.



The procedure, step by step is as follows;

1- The eight atoms in question are placed into the diagonal ele-

ments of an 8x8 matrix in any order.

2- The appropriate connectivities are placed at the intersections

of rows and columns for the respective atoms. For example,

a- The triple bond between A and D appears on the matrix as;

(3 appears at the cross points for row and column 1 and 4

governed by A and D)

25



b- The complex interplay between the atoms B, C, E and F where
both double and single bonds appear can be entered into the

ACM as follows;

A
Bj2 111
2|1C 111
D
111 El2
111 2|F
G
H

c- The three membered ring involving C, F and G would appear as;

A
B
C 111
5
£
1 Fl1
1 1 |G
H

The total ACM assambled for the hypothetical molecule in accor-

dance with the principles examplified above can then be written

26



as follows after filling out the zeros for the cases where there

is no bonding.

Al1]0]3l0(0 |00
1[B[2[0[T{T [0
0 2|Cloj1{1]1]0
3lojojDlofo oo
Ol 1} OjEf2io]1
O 1f1foj2[Fi1lo
ool 1{ofof1 ]G0
ojojoJojI o [oH

The resulting matrix is symmetric about the diagonal line of the
atoms and each half of the matrix represents the total connec-
tivity of the whole molecular system. Thus, the resulting ACM,
independent of atom-ordering priorities, numbering conventions,
language etc., is a complete, compact representation of the mo-
lecular pictograph. A few illustrative examples of ACM's are

given in figure I1I.3.

It is to be moted that the ACM for large molecules may appear
as a formidable array. However itis possible to make a sig-
nificant saving in the size of the ACM by noting that its grea-

test application will probably e t0 organic molecules. Since hyd-

27



rogen atoms except in rare.cases (such as perhalocarbons) cons-
titute a large proportion of the atoms in most organic structu-
res ahd since they have a bond order connectivity of unity, it has
been found possible and convenient to omit them from the ACM

with no significant loss in general, for a majority of appli-

cations.
MOLECULE
_NAME STRUCTURE ACM
(H-suppressed)
c 1 0 0
N-Butane c-C-C-C 1 ¢ 1 ©
0 1 C 1
0 0 1 C
Acetaldehyde C-C=0 c 1 0O
1 € 2
0 2 0O
Ethylene oxide U\\\ c 1 1
C{ii:___(j 1 C 1
1 1 0O

Figure 11.3.: Examples for the hydrogen-suppressed ACM'S.
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In essence, how the chemist draws .the original molecule, its
atoms and their connectivities determines also the ACM and

its relative order of approximation to the molecular struc-
ture. These concepts can probably best be explained by se-
lecting specific applications to other molecular types such

as free radicals, ions, ionic salts, sandwich compounds etc.
Following examples will be devoted to simple structure inexing
of such structures. Since the rules are self-evident, discussi-

on will be kept to a minimum.

1- Free Radicals

2 R 1
1 €
2- lons
A+3_|Al ‘
T
3- Jonic Salts
A 0 1 ©
(»*y 87 =10 B 0 1
1 0 ch*to
0 1 0 ch™?t



This convention shows a zero order.bond between A+ and B-.

4~ Clathrates

Where ACMp and ACM g are the ACM's for components A and B.
Inclusion compounds and linked ring chains wherein no spe-

cific bonds can be drawn between two seperate molecular en-
tities mechanically joined may be combined into one ACM with

zero off-diagonal elements between them.

5- Resonance hybrids and delocalized species

These species, where connectivities are of fractional orders
can be transformed into their ACM's by using fractional entri-
es. The extension of this technique to benzene in its deloca-

lized form 1is;
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C 32 32
3/2C 3/2 3/ y
3/2C 32 2
3/2C 3/, 3/2 3/2
3/2C 3/, 3/7 3/9
| 3/9 3/9C 3/9

Here, since a bonding electron corresponds to one-half of a bond

order unit, the C-C bonds in the ring have a bond order of 3/,

6- Transition states

Jransition states, which are non-stable molecular species are
expressed by a continuously changing parameter , which varies
from 0 to 1 during the course of a reaction. Two typical examp-
les, one for an SN reaction and another for a four centered

(E,) elimination is given below.



R, R2 c 1 1 1 1-§d
\\\ ///// 1 R, 0 0 0 O
S 1-§
Y e L X 1 0 R 0O 0 O

R3 § 0o o o o v
R 1 0 0 0 0 0
1 € (148 0 (1-8 0 1
QO

! { 0 (1+8) ¢ 1 0 (1-§) o0
|14 t1-§10 o 1 R 0 0 O

R ! 1R
\\! 14§ é’// 0 (1-8) 0 0 X $ 0
/C N |0 0 (-8 o $ A 0

R

7- Macromolecules

Polymers of n-mer type yield ACM's by taking the n th. power of
the ACM for the basic building block or monameric unit, assuming

zero order or non-localized bonding between the monomeric units.
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I1.2.3. THE ATOM CONNECTIVITY MATRIX CHARACTERISTIC POLYNOMIAL

AND ITS PHYSICO-GEOMETRIC (TOPOLOGICAL) SIGNIFICANCE

It is clear from the above discussion that, matrix notation for

a molecule has certain excellent storageability characteristics.

However, it is also evident that the strage simplicity of the
matrix formulation carries with it certain serious limitations
such as,

a) A group of matrices cannot be universally ordered, that is,
there is no method for organizing a collection of matrices in
some numerical sequence defined by the matrices themselves.

b) The identity of the molecule represented by the pictograph
is independent of how one cares to number or name the atoms in

the molecule. This is not the case with a matrix representation

c) Matrices require very complex computer operations for searching

and comparison.
d) ACM implies only what the chemist draws, and it is assumed

that the chemist means what he draws and draws what he means.

So, a scheme to overcome these disadvantages was what we needed

for better storageability characterisitics. One of the concepts
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proposed, appeared to meet these reqqirements except for the last
cited difficulty above. This quantity derivable from the ACM is
the Atom Connectivity Matrix Characteristic Polynomial (ACMCP).
This polynomial is obtained by evaluating the matrix as a de-
terminant through the usval mathematical techniques,such as de-
composition into minors and the summation of factor-cofactor pro-

ducts or by matrix operations not requiring direct expansioneq

This procedure, known as the "determinantal polynomial" or the

"value of the determinant'"in matrix calculus, is expressed as;

- _ v
IACM‘ - ACMCP - Z (_l) alil 8212 -------- anl
(i) n
p
where; [ACMI is the value of the determinant of ACM, a,; is
n

the element in row n, column in y inis the column subscript,
v is the number of inversions and the indicated algebraic sum
1s taken over all bossible permutations of the subscripts.

This range of summation is denoted by P (i).

The following example equates the molecular pictorgraph for carbonyl

sulfide, to the analogous ACMCF determined in accordance with the

above definition.
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S = C = 0
I S
S 2 /-ﬁ--
2 C// 2
\\
j] 2 0

ACM = S (CO - 2.2) - 2.(2.0 -2.8) + @ (2.2 - C.®)

ACMCP = SCO - 4S - 40

Other examples of ACMCP's for complete simple molecules are shown

in table II1.2.8

0

MOLECULE PICTOGRAPH ACMCP
Methane H cHY - 4H’
o
L
Acetylene H—C=C—4H c% W2~ 20H - 9HZ + 1
Formaldehyde HoC = O CH20 - 2HO - 4H?
Cyanogen N=C-C=N CN?- 18CN - N4 81
Ketene HC=C=0 c2H?0 - 4cH? - anl0-
2CHO + 8H
Table I1.2. : ACMCP's for complete molecules
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The numerical coefficients obtained in ACMCP have certain physi-
cal significance in being combinatorial products of connecti-
Yities in bondsand around ring configurations in the molecule
under consideration.

As a general outcome of the evaluation of characteristic poly-
nomials for chemical species, it has been understood that this
kind of representation contains a great deal of useful infor-
mation about the species it represents. For example, when this
polynomial is set equal to zero and solved as a polynomial
equation, a number of characteristic roots or eigenvalues are
obtained which can be used in the same sense as energy levels
derived from the Hiickel matrix. The following scheme illustrates
the sequence of steps required to derive the eigenvalues for
2,2-dimethylbutane. Due to this close relationship between mo-
lecular orbital theory as put forward by Hickel and graph theory,
a fair amount of‘research on this topic has been carried out to
derive §he topology determined quantities derivable from Hiickel
theory by the graph theoretical approach. Those efforts have

revealed that those two matrices are equivalent and that they

'
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Structural formula

CH,

[~ H
HE C—CH,

H
Hy

!

Chemical graph

|

Topological matrix

O 0o o0 o O K
O b e O e N
0O oo o = O

O o o0 o = o0k
—H O o o = O \n
o - O o C>_c> 5\

Characteristic polynomial
x6 - 5x4 4 3x2

Spectrum of eigenvalues

~-2-075, -0-835,0-0

0-0, + 0:835, + 2-075
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will therefore always possess corresponding eigenvalues or energy
levels. This result in turn implied‘that all topological indices
derived from the Hiickel matrix can also be derived by means of
the topological indices (eigenvalues) obtained from the topo-

logical matrix.

However, it was later realized that this polynomial does not
always give a unique characterization of the chemical species
in all possible cases. The fact that two non-isomorphic chemi-

cal graphs such as;

may have the same set of eigenvalues, pointed out to an
important drawback in the use of the characteristic polynomials
to characterize chemical species. Hence, in order to overcome
this drawback, thé conventional methods for distinguishing

the Carbén skeletons of the structural isomers of hydrocar-

bons have gained attention and as a useful outcome of these
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studies a¢ﬁew topological index Z 1is defined and proposed as
another candidate for classifying saturated hydrocarbons with
respect to their topological naturég{ Index, Z, is proposed
for a connected graph G, representing the carbon skeleton of
the set of the numbers p (G,k), which is the number of ways
in which such k bonds are so chosen from G that no two of
them are connected. This approach has been the start of a

new era in the development of graph theory, after which it
has become an important tool in characterization of molecu-

lar properties.



11.2.4. DEVELOPMENT AND USE OF TOPOLOGICAL INDICES

One of the most important tools in the topological method of
making chemical predictions are known as indices. Indices are
derived from algorithims or procedures for converting the to-
pological structure of a molecule into a single characteris-

tic number.

This approach is based on the determination of the properties

of basic fragments found in many molecules and theﬁcombination of
these fragmental properties in ways that depend on the make

up of the molecule in question. These properties are usually
determined by analyzing a set of molecules that are similar

to the specificgroup of molecules that is being studied. Here,

the object is to relate arather ill-defined concept ofover;
411 structure to rigorously defined molecular behavior. This
technique is based on the assumption that molecular structure
can be characterized mathematically and precisely and that the

mathematically determined parameters of molecules can be corre-
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lated with the molecules’experimentally measured properties.
The only thing to do is to choose a mathematical way of assig-
ning numbers to molecules and than correlate those numbers with
the vast data base of known chemical properties. In this way
the properties of well known molecules serve as a tool for pre-
dicting the properties of molecules that do not yet exist. The
key to the method lies in finding the index that correlates

best with the chemical property being studied.

Due to the promisfnb correlations obtained between the topolo-
gical indices and the topology dependent molecular properties,
the search for new and useful topological indices has in recent
years gained importance and it is now being increasingly rea-
lized that those indices have all sorts of practical applica-
tions. For example, other than being a sorting device in the
coding of chemical formulae, further work on its usefulness

in this domain may prove graph theory to play an important part
in the search for new drugs that should possess specific struc-
tural features or in the prediction of certain patterns of be-

haviour due to certain structural similarities and in this
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context it might also be useful in predicting the degree to which
various pollutants might spread in the environment and the harm

they might do once they have spread.

The topological analysis of a molecule begins with a drawing in
which the atoms are depicted as points and the bonds linking
them are depicted as straight lines. Once the chemical graph has
been drawn, derivation of topological index is a matter of ob-
taining a number that characterizes the graph. This number must
have the same value for a given molecule no matter how the mo-
lecule's graph is drawn or labelled. A number of this type is
reffered to by mathematicians as a graph invariant:. One of the
earliest graph invariants or topological indices is known as
vertex or carbon number which chemists have been relying on

for certain correlations for more than a century without rea-
lizing that they were using what is infact a simple topologi-
cal index. tater, in the mid forties, the need for other indices
that are able to diétinguish effectively between branched and
unbranched molecules and among branched molecules having dif-
ferent branching structures together with the concept that

a whole series of chemical states of a molecule may be rep-
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resented by an appropriate sequence of matrices and that the
"state" of a molecule could be represented by a summation of
the "states" of the component parts of the molecule have led
to a number of new and useful indices of topological nature

for characterizing the physicochemical properties of molecules.

The first topological index capable of characterizing the "bran-
thedness" of molecules was put forward by Harry Wiener (1947).

The Wiener index is based on the graph theoretical notion of dis-
tance. Wiener showed that the distance between any two verti-

ces is equal to the number of edges one would traverse in ta-
king the shortest route possible through the molecule's graph
from one of the vertices to the other. Hence, Wiener index of

a molecule is equal to the sum of the graph theoretical dis-
tances between all pairs of atoms in the molecule (fig. 11.4(a)).
This”index correlated surprisingly well with such properties

as boiling point, (fig. II.4(b) ) viscosity, surface tension

and refractive index. In . later years it has been shown to
correlate very well also with the energies of the bonding e-

lectrons 'in certain types of complex molecules. This seemed to
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Figure II.4. : The Wiener index is calculated by summing up the number

of bonds that would have to be traversed in travelling along the mole-

cule from every atom to very other atom.



45

be a very important result, because the energy levels of mole-
cule's bonding electrons are directly responsible for a great

deal of the molecule's chemical behaviour.

Just as the Wienmer index depends on the topological concept of
distance, in the beginning of seventies another index that is
dependent on the concept of degree which is more sensitive to
shape was intneduced by M. Randic (1975) known as the molecu-
lar-connectivity index. According to Randic, the degree of

any vertex is equal to the number of other vertices to which
rit is at’fachéd° More spesifically the value of an edge is e-
qual to the reeiprocal of the square root of the product of
the degrees of the two vertices. So, the Randic index is equal

to the sum of the values of all molecules edges (fig. II.5.).

After Randic proposed his molecular connectivity index, ot-
her investigators noted that in some cases better correlations
could be obtained by focusing on the component parts of mo-
lecule. In this way, other connectivity indices that are

applicabie to particular molecular substructures that may

be of importance in determining specific behavioral charac-
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Figure II.5. : Evaluation of Randic Molecular Connectivity Index

teristics have been developed. For example the _Hosaya index
put forward by H. Hosoya (1971) is one of the most important
topological indiées proposed. The Hosoya index which 1is used
for the Eharacterization of many molecular properties is for-

mally defined by the equation



where Z represents the index, p(G,k) is the number of ways
in which k edges of the chemical graph can be chosen so
that no two of them are direcly connected and the summa-

tion extends over all the m edges of the graph.

One of the most important aspects of the Hosoya index has
been its correlation with the boiling points of the species
represented and the evaluation of the index for a large num-
ber of molecules has shown that the boiling points of orga-
nic substances are proportional to the value of the index
for the species in question. Since it provides a measure

of the topological nature of the chemical graph especially
in regard to its branching and cyclization features, the
Hosoya index has fouda significant role also in other

areas such as determining the Kekulé structures or evalu-
ating Hickel energy levels in given species due to its close
interrelation to the characteristic polynomial. The evaluated
indices and their relation to the boiling points for the
lower members of normal and isomeric parrafins are given in

table II.3. in increasing order of the Hosoya index Z.
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N Graph (G) k=0 1 2 3 Zu bp °C
1 . 1 00 O 1 -161.7
2 _ 1 1 00 2 -88.6
3 —_— 1 2 00 3 -42.2
4 — 1 3 00 4 -11.7
1 3 10 5 - 0.5

5 l 1 4 00 5 9.5
1 4 2 0 7 27.9

l 1 4 30 8 36.1

6 l 1 5 30 9 49.7
I 15 4 0 10 57.9

‘ 1 5 50 11 60.2

| 1 5 5 1 12 63.5

1 5 6 1 13 68.7

Table 11.3. p(G,k) values and Hosoya Index for the graphs correspon-
ding to all the possible isomers of the lower members of saturated

hydrocarbons (N=1-6).
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11.2.5. THE ADDIVITY FUNCTION AND THE TOPOLOGICAL INDICES

The idea that the chemical components of molecules could dis-
play more or less fixed characteristics in series of molecules
arose 1in the late nineteenth century. Up to sixties extensive
investigations were undertaken to correlate the thermodynamic
parameters of molecules with topological structure. This work
was initiated by Parks and Huffman who \étteﬁpted to calcula-
te the thermodynamic proporeties of molecules from those of
their component parts. Each of the various groupings of a
molecule were thought to contributea fixed amount to the
thermodynamic constants of the molecule. During the later
years this method was greatly elaborated by many subsequent
workers in this field. The first topological formulation of
the additivity principle put forward by SmolenskiiE32 in 1964
has the advantage of being not only élegant but possibly also
one of the most useful indices eéver proposed. Smolenskii's
formulation is based on the idea that the individual pyhsico-
chemical properties of hydrocarbons can be determined by the

structure of individual small sections of the molecule .



According to this formulation, any additive property may be
divided into seperate components which constitute the con-
tributions made by each individsal C-C and C-H bond as well as
by each interaction between them, assuming the contributions

made by the individual bonds are constant.

The Smolenskii index is defined by the general expression

m

f(G) = ao-+;§::ak lel
=1

for calculating the additive properties of the hydrocarbons
where f(G) is the property to be calculated for each graph

G of a set of graphs representing a series of molecules, m

is the number of edges in G, a, and a, are the experimentally
determined constants for the physicochemical property under
investigation and Xk is any section of the graph G which
consists of k edges. The index f(G) is this determined by

a summafion of the possible edge sequences, each multip-

lied by an appropriate constant, in the chemical graph G

Figure I1.6. illustrates this index for i-butane
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Chemical graph of i-butane

Paths of length one

oo ¢ o0

Paths of length two

SRR

SMOLENSKIT FUNCTION

f(GQ) = a, + Bal + 382

Figure II.6. : Smolenskii addivity function for i-butane.

Note that a path of length k, contains a total of k con-

nected edges of the graph.
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The Smolenskii index has proved its value in practice in se-
veral studies concerning the calculation of additive proper-
ties in hydrocarbons and its great usefulness lies in the
fact that, once the constants a, to an have been determined
from a small number of sample molecules, the index can be

used to predict the additive properties of all the remaining

molecules of the same general type. As an example of the kinds

of results obtained using this index, table II.4.,lists the
heats of formation., heat capacities and entropies for a set
of hydrocarbons calculated by using Smolenskii indeXQBFor
the purpose of comparison, the tables also give the known
experimental values. The results show that the index provi-
des a reliable means of estimating those additive thermo-
dynamic properties within a homologous series of saturated

hydrocarbons.

As can be seen, topological indices can model an incredibly
wide range of physical, chemical and biological phenomena.
Although it has not yet been possible to tell in advance

with complete certainty which index will be most suited
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to any particular application, various indicies are already
becoming known for their applicability in modelling size, shape,
branching reactivity and a large number of other characteristics.
Two areas in particular where topological indices appear to have
a bright future are in designing new drugs and in tracking the
fate of various pollutants in the environment and modelling

their 1ikely effects on living organisms.

We know now that indices work; it remains only to put them to
work. And when the task becomes a mat ter of choosing the suitable
index which correlate well with the ability of chemical pollutants
to spread within air, water or soil or to pass from one of these
environmental compartments to another the nature of the molecu-
les in question requires an index which can take care of size
effects, conformational differences and presence of hetero-
atoms. And this problem specifically involves the electrical
nature of such bonds. In other words, the index which is going

to be used must go beyond the structural fact of adjacency,

which is the basis of graph theory and should consider the

count of Qalance electrons participating 1in sigma, pi and

lone pair orbitals on each atom. In the following sections



of this work it is going to be proved that one of the most sui-
table approaches to accomplish the encoding of such structural
differences is the use of valance molecular connectivity index
which quantizesthe molecular structure encoding information about

.size, branching cyclization, unsaturation and heteroatom content.

II1.3. VALANCE MOLECULAR CONNECTIVITY INDEX

The growing use of molecular connectivity has resulted in an
“interestin the significance of elements of the method and the
meaning of the calculated indices. Molecular connectivity is
a method of quantitation of molecular structure which is de-
veloped in several stages, bediming with the index proposed

by Randioga,}a treatment of unsaturationgs- ;i a development

of exfended bondquantitatioﬁé6;and finally, the most useful
addition for the medicinal and environmental chemist, a ra-
tional way of quantifying heteroatom concent 18, The treatment
of heteroatoms, introduced by Kierr and Hal18 ' and called

valance molecular connectivity brought molecular connnectivity

into the role of a structure quantitation method useful in
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QSAR analysis of drugs and environmentally hazarous chemicals.

Table 11.5 shows the employment of valance molecular connectivity

in several structure-activity relationship analysis of different mo-

lecules.

Table 11.5.

Activity Relationship Studies

. _Use Of Valence Connectivity Indexes in Structure

Study Molecules
Toxicity of anesthetics Fthers
Anesthetic potency Ethers, ketones
Barbiturate potency Barbiturates
Partition coefficient Hydroxyureas
Carminative activity Alcohos, esters
Chromatographic retention Alcohols

Hickel pi electron energy
Taste thereshold

Bitter taste

Boiling point
Solubilities

Molar refraction

General anesthetics
Cytochrome conversion
Sweet taste

Enyzme inhibition
Toxicity

Odor

Hallucinogenic activiy
Mutagenicity

Serotonin antagonists
Serotonin antagonists
Muscarinic antagonists
Antimicrobial activity
Chromatographic retention
General anesthetics
Hallucinogenic agents
Monoamine oxidase inhibitors
Hormone class

Reductase inhibitors

Aromatic hydrocarbons

Alcohols, carbonyls,acids,esters
Amino acids, peptides
Acohols,amines, halides

Mixed

Phenols

Nitroanilines

Benzyl alcchols

Phenyl phosphates
Benzaldehydes, nitrobenzenes
Phenylisopropyl amines
Nitrosamines
Phenalkylamines
Lysergic acid amides
Amines

Phenyl propyl ethers
Mixed

Halocarbons
Phenethylamines
Hydrazines

Steroids
Benzohydroxamic acids
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The simple molecular connectivity index arrises from

the assigment of numerical adjacency values to

each atom other than hydrogen (the molecular skeleton ) in
a molecule. These values called $ values, are cardinal numbers
ennumerating the presence of nonhydrogenic-bonded neighbors,
irrespective of what the element is or what multiplicity of
bonding 1is present.ylf we take acetic acid as an example and
dissect the bonds describing each by two § values, a term fom
each bond (Cij) can be calculated according to Ck: (Si. SJ)QJ{Z

When these terms are summed OVET the entire molecule it gives

the simple molecular cbnnéctivity index of the first order.

1y :ch _ }:(51 éj )-kl/z

Acetic Acid

1
1 3 0
P
CHz —C 7
\
OH
1

_ -1/2 21/2
(1.3)1 /2 + (3.1) + (3.1)

S

1.752

t



If we evaluate this index also for the acetone molecule we can

see that the set of values is the same as for acetic acid.

Acetone
1
8]

L

CHy ——C — CH3

1/2 1/2 /2
+

X = (1.3)° (3.1) 7 4 (3.1)—l

1.732

So, it is clear that thelX value of 1.732 for both of these
molecules is not sufficiently descriptive and the obvious

difference in the structures is not encoded in this index.

Hence, instead of assigning-simple numerical adjacency values,
Kierr and Hall considered the count of the valance electrons
participating 1in the sigma, pi and lone-pair orbitals on each

atom, exlusive of bonds to hyrogen. In this case the index
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1.V, . . v .
("X ) is calculated by using valance delta (3") values which
is based on the number of valance electrons ( 7Y) not involved

in bonds to hydrogen. Thus;

Where h, is the number of bonded hydrogens on atom i and the cal-
culation of first order valance molecular connectivity index pro-
ceeds exactly as described for the simple molecular connectivity

index such that;

. v . :
When we assign & values for acetic acid and acetone, we can see

that the calculated l')(V values are clearly different for each
structure. Hence, the necessary structural information 1s enco-

ded in these values.

Acetic Acid Acetone
6
| 6 0
1 4 44; 0 l
CH3 —C N\ CHz — € —CHs3
OH 1 4 1
5
-1/2 -1/2 -17/2 1 v -1/2 -1/2 -1/2
Voo (1.e) T+ (a.6) % (4.5) x =(1.4) "% (4.6) "% (4.1)

0.928 = 1.204
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IT.3.1. SIGNIFICANCE OF DELTA VALUES

Studies have employed 1X and lXV indices singly and in concert
as structural descriptors in (SAR analysis. Since molecular in-
formation encoded in these X values is derived from the & values
of the atoms, insight into the significance of molecular con-
nectivity begins with analysis of the $ values.Within the con-
text of molecular connectivity an atom in its valance state

can be described by two cardinal numbers; § the number of bon-
ded neighbors (excluding hydrogen) and éy , the number of valan-

78
ce electrons (exluding those bonding the hydrogens) .

This dual description of atoms is revealed in the matrix shown
in fig. I1.7 for second quantum level atoms in their valance
states. Superimposed on the same matrix are the hydrides of
these atoms. It is apparent that 81 is a count of the nonhyd-
rogen sigma bond electrons contributed by atom 1 and SY is

i

a count of all valance electrons, including those sigma elec-

trons (¢i) ennumerated by 5i' Thus the relationship is;

4

¢

= 51 + P +Nj =63 + Pi + ni - bj
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where pi is the number of pi orbital electrons and ni is the

number of lone-pair electrons on atom i.

é‘/
7 -F
sp>
6 =0 -0-
=N SPZ \ /
5 aN- N
-0 |
sp 5p2 sp°
Co=C= — .
4 = =NH RN [l:
~NH-
CH N/
} e :CH‘ CH
~NH, |
2 = =CH, -CH5
| = —(‘HS
N L L 1
1 2 s 4

ligure 11.7. : Atoms and hydrides defined by S and &Y values.
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Hence the values of 8V and & depend on the element represented,
its valance (hybrid) state and the number of bonded hydrogen
atoms. Thus from fig. 11.7, &§=2 ; &Y= 4,5 and 6 describes

an SP carbon an SPZ nitrogen and sp° nitrogen respectively.

On the other hand,8'z4;d4 =2,3 and 4 describes an Sp carbon,

an SPZ carbon, an SP} carbon respectively.

Hence, these two cardinal numbers & and &' specify the hybrid
states or valance states of any atom within a quantum level.

1

The &Y value, when formulated into the xV value for a molecule,

carries with it information relating to both volume and elec-
tronic character. Thus, an SP} nitrogen atom has a §V=5

The cardinal number, 5, counts orbitals contributing to a
spatial property, volume. The number 5 concurrently counts
the number of valance electronic characteristics such as ion-
fcity , bond dipole, partial atomic charge and bond strength.

This duality in the information encoded in &' leads to a dua-

lity of structural information encoded in the derived lXVvahﬁs.

Hence, with the structural and physical significance of & and

5\ revealed, it is possible to derive the bond ndex encading



information about structure and properties. The volume infor-
mation encoded in le values has been demonstrated on nume-
rous occasions in the form of close correlations with volu-

me related physical properties. Other studies showed that pro-

perties largely governed by electronic composition also cor-

relate with !XV indices (tableIl.5).

I1.3.2. VALANCE MOLECULAR CONNECTIVITY AND THE TREATMENT

OF HETERDATOMS

In earlier studies using the molecular connectivity index

to describe structural features, the heteroatoms such as oxy-
gen or nitrogen were considered to contribute equally. This
approach inevitably led to redundant values for ‘isomers. An
initial approach to the resolutibn of these redundancies

was used in an alcohol solubility study by introducing a
second regression variable simply as the contribution to to-
tal molecular connectivity index from the C— OH bond. 7lhis

and similar approaches are now considered to be an interim
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or first-order solution to a more basic problem of calculating
the molecular connectivity contribution of any atom other than

carbon.

Recently, the extension of molecular connectivity to the tre-
atment of heteroatom molecules was described. This approach
mainly concerns the assignment of an atom connectivity term
év (by considering the valance electrons) for heteroatoms
and testing the ability of &V to describe the atomic connec-
tivity in heteroatoms so that the molecular connectivity in-
dices bear some relationship to structure influencing physi-

cal or biological properties.

Assuming that intermolecular effects are minimal in influen-
cing a‘phyécal property, it may be possible to relate the con=
nectivity of various molecules, containing different hetero-
atoms with that property. This approach appears to be possible
with molar refractioge‘; A comparison of X and xV values with
molar refraction provides a severe test of XV values because

they must recreate connectivity properties of carbon, nitrogen



and oxygen in a self-consistent manner.

For twentyfive phenyl substituents including alkyls, ethers,
amines, esthers, amides, ketones, an aldehyde, alcohol and-
a nitro group (table I1.6) this relationship 1s evaluated to

be

R, = 2.656 (+0.593) X «+ 7.140(%0.688)XY - 0.958(% 0.518)

r= 0.990
s: 1.03
n: 25

This successful relationship illustrates the consistency of the
oxygen and nitrogen connectivity parameters with the parameters

established for the carbon atom.

On the other hand, since halogen atoms have an identical number
of valance electrons, this prescription yields identical values

of & . So, it is necessary to derive empirical values of &Y for
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Table 11.6 : Substituent Parameters for Molar Refraction (Rm)

. Molar Connectivity
Refraction Index
Substituent Obs. Calc. X X

Methyl 4.7 4.14 0.577 0.500
Ethyl 9.4 9.58 1.115 1.06

Propyl 14.0 14.48 1.615 1.561
1-Methylethyl 14.0 13.30 1.488 1.443
Butyl 18.7 19.37 2,115 2.061
1,1-Dimethylethyl 18.5 16.29 1.789 1.750
Phenyl 24.3 22.84 3.150 2.161
Hydroxyl 1.5 2.17 0.577 0.224
Methoxyl 6.5 6.37 1.115 0.612
Ethoxyl 11.3 11.90 1.615 1.200
Propoxyl 15.9 16.80 2.115 1.700
1-Methylethoxyl 16.0 15.66 1.971 1.595
Butoxyl 20.7 21.69 2.615 2.200
Pentoxyl 25.3 26.59 3.115 2.700
Penoxyl 26.6 25.25 3.633 2.319
Acetate 11.6 12.22 1.971 1.122
Amino 4.2 2.95 0.577 0.333
Acetamido 14.6 12.87 1.971 1.204
Nitro 6.0 6.83 1.488 0.537
Aldehydo 5.3 5.74 1.115 0.524
Acyl 9.9 9.81 1.488 0.954
Methylcarboxylate 11.4 12703 2.026 1.066
Ethylcarboxylate 16.2 17.56 5.526 1.654
Amido 8.8 8.30 1.488 0.743
Cyano 5.2 5.85 1.115 0.539
Fluoro -0.4 _— 0.577 -0.124
Chlaro 4.8 —_— 0.577 0.602
Bromo 7.6 —_— 0.577 0.992
lodo 12.8 - 0.577 1.719
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the halogens by calibrating them to molar refraction data.fhe

v .
use of &' thus permits the calculation of valance molecular

connectivity index lXV of the first order, by the expres-

sion
: -1
1, v _ v v /2
X E (87 .83
These empirical &Y values for halogens dre listed in table 11.7.

Table 11.7: Valence Delta (&' ) values for Heteroatams

Group §Y Group &V
NHo 3 aH 5
NH 4 0 6
N 5 =0 6
C=N 5 Furan 0 6
C == NH 4 0=NO 6
Pyridine N 5 H20 4
Nitro N 6 H30" 3
NH'3 2 F (-) 20
NHD 1 cl 0.690
>N<+ 6 Br 0.254
=NH., . 3 I 0.085

Z




to test the consistency of the halogen parameters, the ability
of X and XY to predict the boiling points of a mixed list of
alkyl halides is given in table II.8. From this table it is
clear that &Y values-empirically derived from molar refrac-
tion data are also useful in correlating the boiling points

according to the equation;

BP = -69.55 (#5.17) + 19:91 (*2.41) X + 38.07(%1.27) XV

r = 0.992
s = 4.79
n = 24

A set of valance delta (&V) values hence can be developed
for the calculation of connectivity indices for heteroatom
containing molecules. Correlations with the boiling point
and molar refraction for a wide range of moleculés suggests
the general applicability of these values. This development
is considered to be an important advance in the development
of graph theorétical indices because by this development mo-
lecules containing heteroatoms may now be considered with a

more sophisticated molecular connectivity treatment.
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Table I1.8 : Boiling Points of Alkyl Halides

Boiling Point Connectivity Index

Compound Obs. Calc. X X

Fthyl chloride 13.0° 17.9° 1.414 1.558
Ethyl bromide 38.0° 38.9" 1.414 2.110
Ethyl iodide 72.0° 77.8° 1.414 3,132
Propyl chloride 46.5° 46.9° 1.914 2.058
Propyl Bromide 71.0° 67.9° 1.914 2.610
Propyl iodide 102.5° 106.8" 1.914 3.632
1-Methylethyl thloride 36.5° 35,4 1.732 1.850
1-Methylethyl bromide  60.0° 545 1.732 2.300
T-Methylethyl Soide 90.0° 84.3" 1.732 3.135
1=Methylpropyl chloride 69.0° 67.5" 2.270 2.414
1-Methylpropyl bromide 91.0° 88.6 " 2.270 2.966
1-Methylpropyl iodide 120.0° 127.5° 2.270 3.988
1,1-Dimethylethyl chloride 51.0° 50.3° 2.000 2.102
1,1-Dimethylethyl hromide 72.5° 65.1° 2.000 2.492
1,1-Dimethylethyl fodide  98.0° 92.7° 2.000 3.215
Butyl chloride 78.0 © 75.9 ° 2.414 2.558
Butyl bromide 101.0° 96.9 ° 2.414 3.110
Butyl iodide 130.0 © 135.8 ° 2.414 4.132
1-Methylbutyl chloride . 97.0 ° 95.5 ° 2.770 2.888
1-Methylbutyl bromide 11770 ° 112.7 ° 2.770 3.338
1-Methylbutyl iodide 142.0 ° 144.5 ° 2.770%  4.173
Propyl fluoride 2.5 ° 8.5 ° 1.914 1.049
Butyl fluoride 32.5 © 37.5 ° 2.414 1.549
Pentyl fluoride 62.8 ° 66.5 ° 2.914 2.049




71

II.3.3. VALANCE MOLECULAR CONNECTIVITY AND THE DEVELOPMENT

OF EXTENDED CONNECTIVITY TERMS.

Molecular structures can be analyzed in terms of the number
of atoms, the kind of atoms, bonding types and the adjacent
environment by the molecular connectivity method. The valan-
ce molecular connectivity index, has been shown to relate to
many physical and biological properties such as cavity sur-
face area, polarizability, nonspecific local anesthetic ac-
tivity, water solubility, boiling point, oil-water partition
coefficient and enzyme inhibition. To explore further the fun-
demental nature and general applicability of valance molecu-
lar connectivity index it was proposed that any fupction of
a molecule can be represented by a combination of terms rep-
resenting various bond contributions and this statement was
proved to be valid in various occasions ° concerning the
prediction of density8§' hallugcinogenic a‘ctivity3

and enzyme inhibition studies33

The molecular connectivity indices are weighted counts of struc-

tural fragmentsand are computed by the general formula;
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where m is ﬁhe order (number of bonds), t is the type (the
path in these cases) and v denotes the index is of valance
form ; that is the atom é assignments are based on the ato-
mic valance rather than on the simple degree of adjacency.
The number of deltas in the parantheses is equal to the num-

ber of bonded atoms in the fragment of order m.

The first term in the valance connectivity series, OxV, is de-
rived from the summation of the square root of the reciprocal
of number o valance electrons other than hydrogen on atom 1;

N B}
oy =Zk— (é\i,)k 1/2

and it simply is a summation of atom deltas. The second term is
the index lXV which is a weighted count of each bond in the mo-
lecule and is derived as a summation of SV values describing

each bond in the molecule

1yv _ v v -1/2
X —:%;:( él ) éJ )k
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The following term, symbolized as 2XV is a summation of va-

lues describing each adjacent pair of bonds.

2xv :Z<3V VA A

kK %1 7% 0 mk

Subsequent terms in the series are calculated similarly. The
specimen calculation for the first three terms in the series

for benzene molecule is given below as an example.

An alternate formulation of the extended series arises from a
consideration of powers of the connectivity matrix of the graph.

If we take isopentane as an example and number the skeleton in

any manner, the valance connectivity matrix obtained is; ¢

| .
-0--1--0--0--0-

o P B
ot
o
—
(o]

P o
i
]
o
aw]

~ .

In the upper triangle there are four unit entries correspon-

ding to the four Cjj bond terms in the calculation of 1XV,
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“xample: Calculation of the first four terms in the valance connectivity

series for isopentane.

1
-1/2 _ _
%Y= 3(1) f (3) 1/3 (2) 1/2
= 4.2845
]:l
3 _ - _
1 1ywvo 91,37 Y2 (3.2) L2 a2

1 C{/O
Cf//o S}\\) = 2.2701
, 2

|

1
3 3 1
O/c\o ’ O\;/O
1 2 2 2
-1/2 -1/2

/2
+ (1.3.2) + (3.2.1)

<1/2 -1
(1.3.1)  + (1.3.2)

><
1

1.8021

C)////O\\\?D/////o 3y -1/2 21/2
1 X (1.3.2.1)  + (1.3.2.1)

2 0.8165




The sguare of the matrix is;

e Q0e-l--0--11
3 0 170

1
-1
1
0
i
1
1 0 27 0 1
\
0
t
1
4

In the upper triangle, there are four unit entries correspon-
ding to each Cy; term in the calculation of 24V The diago-

nal of the matrix contains the 6{ values of the graph.

The cube of the matrix is;

N R T N =1
R .
Q
o
o)

Ve
-=3--0--1--0-

0o 4 0 3

AN
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Again the number of unit entries in the upper triangle cor-
responds to the Cijkl terms used in computing 3xv . The
fourth power of the matrix has no unit terms and there are

no Cjjklm terms, hence 4xv  is zero.

Whatever the method of calculation is, the main question in
such an analysis is , which terms in the expansion series of

XV adequately describe structural features that are manifest
in influencing the experimentally observed value of the speci-~
fic property under investigation. Since one has no developed
intuition as to the significance of each term in the expanded
series of XV , the answer is not obvious. In this work as an
approach to the answer, first three terms in the XV expansion
series, as well as combination of these terms is tested for
correlation with octanol-water partition coefficients, solubi-
lities and partial presures of certain groups of environmentally
hazardous chemicals, in order to use these correlations for the
prediction of compartmental ization properties of these com-
pounds. As a result of this approach it has been shownt that valance
malecular conrectivity indices appear to have a bright future in tracking

the fate of various pollutants in the environment.
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I1I. ECOKINETICS IN RELATION TO VALANCE MOLECULAR CONNECTIVITY

III.1. APPROACHES TO ENVIRONMENTAL EXPOSURE ANALYSTS

The chemical industry has long been concerned with the hazar=
dous environmental properties of the products that are being
manufactured and distributed. This increased awareness of po-
tential problems created the need for better predictive tech-
niques for making early decisions. Environmental hazard of a
chemical is a function of its toxicity and its exposure. Bea-
ring this in mind there is a serious need to make an initial
assessment of what exposure can be expected from the introduc-

tion of a new chemical into an eco-system before the actual

introduction takes place. In order to determine the environ-
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mental hazard associated with these chemicals, information on

the environmental fate, as well as on production quantity, use,

enviponmental release and toxicity is important. Knowing how
a chemical behaves in the environment is particularly impor-
tant in determining whether a chemical will come in contact
with a critical species or men and perhaps cause a tox1ic
effect. Because environmental fate encompasses any transport
or degredation process which describe the behaviour of a che-

mical in the environment.

The use of compartmental analysis provides substantial infor-
mation for this type of environmental exposure prediction.
From such compartmental analysis key degradative mechanisms
may be postulated and incorporated into the analysis for more

accurate exposure concentrations.

The basic process 1in any hazard evaluation involving the en-
vironmental effects of chemicals is to make predictions of
the expected environmental concentration (EEC) and to com-

pare this data with the experimentally determined no-effect
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level for appropriate organisms. In such an approach where

the prediction is based on the accessibté physicochemical pro-
perties of the compounds under investigation such as water
solubility (%), vapor pressure (P) and octanol-water parti-
tion coefficient (KOW), the reliance is generally made on

the benchmark approach in which the properties of a new che-
mical are predicted from similar chemical groups of known

environmental distribution.

Usually it is frequently possible: for ecologists to postulate
variety of compartmental models of varying degrees of sophis-
tication for characterizing the behaviour of the substance
introduced to the ecosystem. Presently one of the difficult
problems which is receiving considerable attention is what
data should be collected and how should it be used to deci-
de which model is most suitable for characterizing the sys-
tem under considerafion. The OECD Exposure Analysis Group
initally considered four models for the estimation of en-

vironmental exposure.
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1. The Klopffen Model by Battelle Frankfurt for the Umwelt-

bunﬁesamt of the Federal Republic of Germany which -

presumes equilibria between media 89

2. The Neely Mode}'based on laboratory and monitoring data

. . . . 41
for a pesticide in a pond.environment.

3. The Mackay Fugacity Mddel in which fugacity capacities

are used to explain various compartment relationships .
This model can be used at several levels of sophistica-

. . e 9.
tion depending on the available data 90?6'.

4. The Wood Model developed for the USEPA which is an adzp-

tation of Mackay's Fugacity Model also has several levels

The Klopffer, Mackay, and Wood models make slightly different
assumptions regarding compartment sizes but if no degradation
processes are considered and the chemical*s distribution across
the environmgntal media is considered to be at equilibrium, they

reduce to essentially the same set of equation.



Due to the reason that it did not make provision for degrada-
tion or non-equilibrium processes Klopffer model, and being ap-
lied to only a specific experimental environment, Neely model
was decided not be considered inithe context of OECD hazard
assesgrent. As a result, the modei developed by Mackay and
adapted by Wood is considered toibe applicable at several
levels of sophistication dependihg on t.he chemical and envi-

ronmental data available.
IIT.1.1. ENVIRONMENTAL CDMPARTMENTALIZATION

Thé accepted two models which are based on the concept of fu-
gacity assumes equili%rium among a set of environmental compart-
ments the standard dimensions of which are given in figure III.1 .
In their simpler versions, where no degradation and instantaneous
equilibration is assumed, both models are identical in predic-

ting environmental compartmentalization.
The assumptions common to both models are,

1. The environment is a closed system consisting of air (A), water

{W), sediment (SD), soil ($) and (aquatic) biota (B) compartments.



2. The chemical is assumed to reach thermodynamic equilibrium
in the environment both with respect to interphase transfer

and intraphése transport.
3. No degredation processes accur during the distribution.

As a Tésult of these assumptions fugacities or escaping ten-
dencies from all phases are equal so that a common fugacity

(f) prevails;
fa = i fy = fgp = fg = fg -= f (3.1)

Fugacity f3i can directly be related to the concentration

Ci (mole / m3) within different compartments (i) at low con-
centrations which are felevant to environmental contamination
levels where the proportionality constant is the fugacity ca-

pacity Zj (mol / m3)
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If each phase in equilibrium has a volume of Vi M and the

amount of material in each phase is M; moles87 then,
Mi= Cj . Vi=Ff.2Zi.Vy (3.3)

Hence the total amount of material My  is obtained as,

M = FE Zi . Vi (3.4)

and by simple transformation, mass partitioning among the com-

partments can be calculated as;

Vi

i .
Z Zi . Vi

1

Py - (3.5)

Where Zj denotes compartment specific fugacity capacities

for air, water, sediment, soil or biota which are given basi- ~

cally by Mackayszas

Zair = 17 gy (3.6)
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Zwater = 174 (3.7)
Z50il / sedient = Kp- S/ H (3.8)
ZBiota = Kpy B/ H (3.9)

Where R [:] / mole. K] is the universal gas constant, T (K©9)

is the absolute temparature, H [ﬁﬁ w Pa / mole:]is the Henry's

constant which can also be expressed as vapor press./Solubility
and Kp [h3 water / 106 g sorbent:]'is the sorption coefficient

which can also be expressed as;

KD = Kge. % organic carbon content (3.6)

100

S [Q / Cm;] , on the other hand is the sorbent density, B is
the mass fraction of biota times the lipid part and Kgow is

the n-ottanol-water partition coefficient.

The aim of this work is to present a technique to estimate the

" B:



distribution of chemicals in various environmental compart-
ments mainly by making use of simple topological characteris-
tics of molecules. The main purpose being to develop a topo-
logy dependent mathematical model as a simple and valid ap-
proach to environmental exposure analysis, Mackay's level I
fugacity Model is chosen as the simplest acceptable approach
for the calculatiogéFBAlthoughvthis model is quite hypothe-
tical due to its igmorance of inputs outputs and transfor-
mations it is valuable in identifying compartments in which
the bulk of a contaminant will tend to accumulate and in which
the degradative processes are likely to take place. Hence, it
merely represents a picture of ultimate environmental dis-
tribution in terms of both relative concentrations and re-
lative masses providing compa&ﬁjwe exposure information to

assist priority setting.

The model chosen requires only;
- molecular weight (M)
- water solubility (S)

- vapor pressure (P)
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- soil sorption constant (Kge)

- n-octanol-water partition coefficient (Kg,,)

as the necessary data. Hence, it is an adequate tool for showing
the applicability of the mathematical formalism proposed. On the
other hand it is generally accepted that such models should be
validated by comparison with real environmental data. However,
since models of this type does not describe any particular real
environment, results can only be validated by general comparison
of the observed environmental concentrations and of the predicted
valuesbased on direct calculation by using the observed or other
semiempirical values as the data. But, since the model that is
going to be developed is also based on valid physical laws the
results are expected to be in broad agreement with the general
environmental behaviour. Furthermore model can be extended to a
higher degree of sophistication depeding on the validity of the

preliminary results obtained by level I application.

II1.1.2. EVALUATION OF FUGACITY CAPACITIES

The fugacity approach is used to gain insights into the likely beha-
vour of toxic compounds. Widely used in describing chemical engi-
neering operations, fugacity 1s a rew and perhaps better way to quantify
toxiés transport and biocacocumulation in various compartments of the

environment. The fugacity approach has a valuable potential for it simplifies
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environmental science by bringing a certain degree of order into
a complex subject by assisting the elucidation of the dominant
processes responsible for a substance's degradation or removal

from the environment.

To apply the approach first of all a model environment to observe

the distribution is conctructed in which a certain unit of typical
land area with atmosphere above, soil some water, sediment and

biota is considered according to set standarts (fig. I1I1.2.). Es-
timating the totalAamount of solute likely to be present in the

entire environment at any given time, one can evaluate the equilibrium

distrubution of this fixed amount of toxicant in the environment.

After the necessary assumptions are made depeding on the level

of the model chosen, fugacity capacities (Zj) for the toxicant in
each compartment is required to be evaluated. This implies knowing
certain chemical and physical parameters and sorption characte-
ristics defined earlier of certain relations between these para-

meters,

Just as temparatures (OC) can be related to heat concentrations
(cal/m3) using a proportionality constant, obtaining heat capacity
(cal/m30C)fugacities (f) can be related to concentrations using a simi-

lar fugacity capacity constant Z with units of gmol/m3. atm.
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Fugacity capacity constant Z dependson temperature, PTeSSUre,
the nature of the substance and the medium in which it is pre-
sent. Hence it quantifies the capacity of the phase for fuga-
city. So, if Z can be calculated for a substance for each en-
vironmental phase one can easily calculate how the substance
will partition. Assuming the chemical is at equilibrium between

all phases,
fo=z fy= fg= fg =1f
The following discussion describes the development of fugacities for
atmosphere, water, sorped phases, biotic phases and octanol phase -
which is going to be used in the forgoing calculations.
I11.1.2.T. FUGACITY CAPACITY FOR THE ATMOSPHERE, Zg
In the vapor phase, the fugacity is rigorously expressed as

fz= ypbPe =P (3.7)

where y is the solute's mole fraction, P— 1is the total
T



pressure, (atmospheric pressure) in unit of Pa, @ is the fuga-
city coefficient which is dimensionless and is introduced to
account for nonideal behaviour. At atmospheric pressure, ¢ is
usually close to unity and can thus be ignored. The exceptions
are solutes such as carboxylic acids, that associate in the

vapor phase.

The fugacity is thus equivalent, in most cases, to the partial

pressure, P. It should be noted that this equation assumes the

solute to be in truly gaseous form, not associated with parti -
cles. Concentration C is related to partial pressure through

the generdl gas law
C =n/V=P/RT=f1Z (3.8)

Thus Z5 for vapors is simply 1 / R T and has a value of

4.04 x 1004 mol / (m Pa) corresponding to R of 8.31

(pa . m3) / (mol . OK) or J°/ (mol 9K), and a température

of 25°C (2980K). Z, is independent of the nature of the solu-

te or the composition of the vapor (for nonassociating solutes



and lowor atmospheric-pressure conditions) and has an obvious

temperature dependence.

111.1.2.2. FUGACITY CAPACITY FOR WATER, 7,

In aqueous solution, the fugacity is given by 69

f = x3pP° (3.9)

where x is the mole fraction; PS is the vapor pressure of the
pure liquid solute at the system temperature; and ¥ is the li-
quid-phase activity coefficient on a Raoult's Law convention.
By this convention, when x is unity, T-is also unity, and f
becomes the pure liquid state component vapor pressure. Ge-
nerally, for nonionizing substances, 7 increases to an "infi-
nite dilution® value as x tends to zero. This relationship

between X and'Yis_often of the form

1nY =K - x)? (3.10)

In most environmental situations, x is quite small; thus,

91



1n'7‘can be equated to K without serious error. This near
constancy in7 leads to the very convenient near-linear relax

tionship between C and f, reflected as a constant value in Z.

The relationship between f and C to give Z for infinite dilu-

tion conditions can be obtained by writing

Zy=C /f=C/P=1/Hz=x/Vf=1/ WS (311

where Vy is the molar volume ( m> / mol) of the solution,

which is approximately equal to that of water (1.8 x 107> m3/mol)

For water, Zy is simply the reciprocal of Henry's Law constant.

I11.1.2.3. FUGACITY CAPACITY FOR SORBED PHASES (soiL, SEDIMENT

OR SUSPENDED SOLIDS) Zg » Zsd » Iss

Sorption equilibria are usually exressed as equations or iso-
therms relating dissolved to sorbed concentrations. Examples

are the Freundlich, BET, Langmuir or linear equations. for
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most hydrophobic compounds at concentrations well below their

solubilities linear equation-is adequate
x = KpC (3.12)

where x is the sorbed concentration expressed as mol solute/106q
sorbent(wet’' or dry) and Kp is a sorption coefficient with units
of m> water/ 1069 sorbent. The equation is often expressed in
mass concentration units x in g / 106g or Ag/g and C in g/m>

or mg /liter in which case an identical numerical value is

obtained for Kp.

If the sorbent concentration expressed as volume fraction is S
and its density isf) g/ cm3-or 106 g/ m3, then its concen-
tration is S 106 g/ m> or g/ cm3. The concentration of
3

sorbed material Cg, expressed as mol / m” sorbent, is thus

XP mol / mo.
At equilibrium,the fugacities of the sorbed and dissolved ma-

terial must be equal, so if Zg is the sorbed phase fugacity capacity
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f=HC=Cg/ Ig (3.13)
then

Zg = Cs / HC = xp / H (x / Kp) (3.14)
and

Ig = Kpf / H (3.15)

The group Kpf is dimensionless and is actually the partition

coefficient expressed as moles per unit volume ratio.

For correlating Kp and hence Zp for organic solutes in sediments

and soils, it is very convenient to correlate the organic carbon
1

partition coefficient, Kgc of Karickhoff et. al.: and with

the octanol-water partition coefficient, Kow -

The soil-water partition coefficient Kp is Koe multiplied by

the percent organic carbon in the soil

Kp = (% 0C) Koc (3.16)



where % OC is the amount of organic carbon which is assumed 2%
for soil and 4% for sediment and suspended solids. Karickhoff
correlated éoil organic carbon-water partition coefficient Koe
and n-octanol-water partition coefficient Koy~ for a series of
polycylic aromatics and chlorinated hydrocarbons ranging from
1 ppb to 1000 ppm in water solubility and obtained the follo-

wing relation;

log Kge = -0.21 + 1.00 log Kow (3.17)

n =10 r = 1.00
which leads to;

KOC = 0.6 Kow (3.18)

n=10 r = 0.96

Hence from 3.17 and 3.18 Kp in equation 3.15 can be rewritten

in the form

Kp = 0.6 (% 0C ) Koy (3.19)

95
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and the sorped phase fugacity capacity, in terms of %0C and

Kow becomes;
Zg = 0.6 . (%0C). Kow )o / H (3.20)
I11.1.2.4. FUGACITY CAPACITY FOR BIOTIC PHASES (Zp)

For biota, a bioconcentration factor Kg 1is used instead of the
partition coefficient. If it is expressed as a ratio of the
concentrations in the biota (say fish) on a wet weight basis
and in the water, it is identical to Kp. If expressed on a

wet volume basis, it is analogous to the group Kp ? where F is

the fish density.
Zp = KBy/ H (3.21)

Several convenient correlations with Koy also exist for Kg.

al. 7 established-the first relationship between

Neely et.
bioconcentration factor, Kg, and n-octanol-water partition

coefficient, Kqy , Of a variety of chemicals in a flowing
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water eco-system. An equation of the straight line of best

fit was obtained as;

log Kg = 0.124 + 0.542 log Koy (3.22)

n =28 r = 0.948

In later years Veith et. al. worked on this correlation with
50 compounds and obtained the following correlation with a

correlation coefficient, r, of 0.90

log Kg = 0.85 log Kow - 0.70 (3.23)

Recently Mackay 34 Studied the relationship between Kg and
Kow with the data set compiled by Veith, and he obtained a
new correlation by eliminating and exchanging some of the
data with new values from the recent literature. This rela-
tion which has the highest correlation coefficient 1is given

as;

log Kg = log Kgyw - 1.32 (3.24)

n =59 r = 0.95
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or
Kg = 0.048 Koy (3.25)
I11.1.3. DESCRIPTION OF THE MODEL USED

The mathematical model developed in this work is a combination
of valance molecular connectivity theory and Mackay's level I
fugacity model for environmental compartmentalization analysis.
In order to calculate environmental partitioning in the form
of amounts in each medium = the properties of the nunit world"
designed by Mackay and-Neély are taken as standart for eva-
luative purposes (fig. III.1). The volumes and densities assu-

med for each compartment is given in table III.l.

This model also accepted by OECD, consists of a 1 km square
with a 10 km high atmosphere; 30 % of the area is covered by
soil whose depth is 3 em and 70 % is water covering an ave-
rage depth of 10 m, with 3 cm of sediment, 5 ppm by volume

of suspended solids, and 0.5 ppm of biota.

The organic carbon contents are 2 % for soil and 4 % for se-

diment and suspended solids., A temperature of 259C is assumed



and the total amount of solute is arbitrarily taken

as 100 moles.

Table III.1 : Unit World Compartment Volumes and Densities 67,68

Compartment Volume (m3) Density @é/hB)
Air 6x10° (1w area x 6 km height) 1.19
Soil 4.5x10% (30% area x 15 cm depth) 1500
Water 7x10®  (70% area X 10 m depth) 1000
Biota 7 (Water volume X 1 ppm) 1000
Suspended 35 (Water volume X 5 ppm) 1500
Solids
Sediment 2.1x10% (70% area X 3 cm depth) 1500

II1.2. RELATIONSHIP OF VALANCE MOLECULAR CONNECTIVITY TO PARTITION

COEFFICIENT SOLUBILITY AND VAPOR PRESSURE

The molecular connectivity index is a topological
index in that the calculation is - fundamentally depen-

dent on the way the constituent atoms of a molecule are
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attached to one another.

Seemingly encoded in the connectivity index, which results
from a simple mathematical operation 3%, is the molecular
structure of a chemical species. Hence, it is expected that
any physicochemical or biological property that is a func-
tion of the topological structure of a molecule, in this
case its connectedness, is going to be related in some

fashion to the connectivity index.

Since the manner in which organic groups are connected to form
a molecule appears to influence molecular properties, the
relationship between connectivity index and various physico-
chemical and biological properties was studied. As a result

of these studies successful relations correlating the connec-
tivity index (X) with these properties was reported. Recently
the great utility of this simpleé index that could be used to
predict physicochemical properties led to other studies con-
cerning the wéter solubilites, boiling points, surface area,

partition coefficients and many others. This simple approach
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was based on the calculation of molecular connectivity index
(X) which is obtained from the molecular skeleton where a

degree of connectivity éi was assigned to each vertex.

The regression equation with a correlation coefficient (r) of
0.978 and a standart error (s) of 0.455 for the correlation
of connectivity index (x) with water solubility of 51 alipha-

tic alcohols was reported as”®

In S = 6.702 - 2.666 X

and a similar correlation with r = 0.958 and S = 0.511 was

given for 18 hydocarbons as
In § = -1.505 - 2.533 X

on the other hand the correlation of n-octanol water partition
coefficient with molecular indices for 45 hydrocarbons, 24
esters, 9 carboxylic acids, 49 alcohols, 28 amines, 16 ketones

and 12 ethers yield the regression equations given in table



I11.2 which demonstrate that a linear relationship between log

KOW

and the connectivity index is more than simply fortuitous

Table III.2.Summary of Regression Equations, Correlation

Coefficients and Standart Deviations

37
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Class of Compounds n “Slope Intercept r s

Carboxylic acids 9 0.927 {3.03 -1.4110.11 0.99% 0.122
Esters 24 0,996 *0.01 ~1.7110.04 0.999 0.060
Ethers 12 0.964 1.07 -1.3010.19 0.976 0.080
Alcohols 49 0.966 #.03 -1.5340.09 0.997 0.151
Amines 28 0.977 10.04 -1.5140.12 0.979 0.179
Ketones 16 0.982 10.03 -1.16£0.09 0.993 0.0%
Hydrocarbons 45 0.884 .03 0.40610.09 0.975 0.160
All -compoods except 138 0.950 10.01 =1.4840.04 0.986 0.152

hydrocarbons

Figures III.2 and III.3 illustrates this relation for solubili-

ties and partition coefficients respectively.
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As can be easily observed,many of the physical parameters is
directly related to the topological structure of the molecu-
le, e.g., the number and manner that atoms are arranged in a
molecule (mélecular connectivity). The molecular connectivit;
index (X) developed and utilized by Kierr and coworkers and
based on the earlier branching index put forward by RandicBZ
is a nonempirical easily calculated value which seemingly en-
codes the-shape and architecture of‘é molecule via the inter-
atomic connections. However, due to the requirement to a
more. rational way of -quantifying heteroatom content, this
work uses the modified approach which is the Valance Mole-
cular Connectivity to determine the correlations between
n-octanol-water partition coefficients (KOW) solubilities

(S) and vapor pressures (P) of certain environmentally h.a-
zardous compounds and their molecular structures within a
more sophisticated frame taking into account the indices of
cirst three order ( O x*  %XY ) in order to find the
best three variablevequation relating above parameters to
structure. This multivariable search of valance connectivity

terms is conducted in a regression analysis using a program

that considers all variable combinations.

105
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The following discussions are devoted to the development of -
this mathematical model which in turn leads to a Simple rela-
tion for predicting the possible compartmental behaviour of
certain classes of chemicals, based on the topological cha-

racteristics of compounds in question.



‘IV. DEVELOPMENT OF THE VALANCE CONNECTIVITY
MODEL FOR THE PREDICTION OF ENVIRONMENTAL

COMPARTMENTALIZATION OF VARIOUS BENZENE DERIVATIVES
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IV- DEVELOPMENT OF THE VALANCE CONNECTIVITY MODEL FOR THE
PREDICTION OF ENVIRONMENTAL COMPARTMENTALIZATION OF

VARIOUS BENZENE DERIVATIVES
IV- 1. THE VALANCE CONNECTIVITY APPROACH

The number of organic chemicals currently in use on commercial
scale, amounts to several tens of thousands per year and many
new ones are being introduced every passing year. Hence, ex-
perimental testing for toxic and behavioral properties both

in organisms and ecosystems for "each of these chemicals seems

to be out of question.
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However, evaluation of simple structural properties or the
determination of suitable physicochemical properties, theirsub-
sequent correlation with the desired parameters determined experi-
mentally ﬁn;a limited nutberof congeneric compounds and the final
use of this correlation for the prediction of varioos:properties such
as toxicity or compartmentalization, for the other members of

the congeneric series seems to be promissing.

In the following approach the possibility of a generalization,
by means of the theory of graphs, of the method of calculation
of certain physicochemical properties that are funcfions of -
environmental behaviour is considered. for this specific pur-
pose three groups of properties are chosen which ‘can be used
in combination with Mackay's level I fugacity model in order
to predict compartmental partitioning of various compounds.
These properties are n-octanol-water partition coefficient,

(Kow), solubility, (S) and vapor pressure (P).

QSAR studies, mostly concerning structure-biological activity
(toxicity etc.) relations points out that, not only the con-

genericity of the compounds is a prerequsite but also their
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metabolic fate and mechanism of attack have to be identical. In
the same way the prediction of environmental partitioning and
other physicochemical properties from molecular structure will
also require the congenericity of compounds and the physicoche-
mical interactions they are involved in. So, in wiew of the
availability of experimental data, a representative group of
each congeneric series including

polychlorinated biphenyls (PCB)

halogen substituted benzene derivatives

alkyl substituted benzene derivatives

polycyélic aromatié hydrocarbons™ (PAH)

are selected. Concerning the structural data of these compounds,
valance molecular connectivity indices, which provide a simple
flexible and direct structural description independent of ex-

perimentally determined physical properties are determined.

In the foregoing sections, certain degrees of XV indices which
correlate strongly with the experimental data mentioned are sought
for. And furthermore a multivariable search for the best co-

relation is conducted in a regression analysis.

The relevarit data concerning the selected groups of compounds

are given in table IV.1.
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IV.1.1. EVALUATION OF VALANCE MOLECULAR CONNECTIVITY INDICES.

Valance molecular connectivity indices from zero to second or-
der were calculated according to Kierr and Hal138 for 27 unsubs-
tituted PAH's, 8 PCB's, 32 halogen substituted and 9 -alkyl éubs—

tituted benzene derivatives using a simple desk top calculator.

The valance molecular connectivity index ( ™V ) is derived

from the cardinal number (SV) ennumerating the valance electrons
on an atom not bonding to hydrogen (J'X = ZI - hj). The index

is computed, as described in the previous sections, by the gene-

ral formula,

where m is the order (number of bonds) and the number of deltas
in parantheses is equal to the number of bonded atoms in the frag-
ment of order m within the context of parameters, collectively
termed as molecular connectivity related to the topological struc-

ture of organic groups, the simplest term is the zeroth order con-



nectivity designated by O9XV and is calculated from

oYV - Z (51)'1/2

where : is a number assigned to each nonhydrogen atom and ref-

1

lects the number of atoms bonded to it. A similar term is de-
rived for each bond by calculating the product of the numbers
associated with the two atoms of the bond. These values are

summed to give the first order connectivity, lXV which is a

weighted count of bonds and is calculated from

lXV - Z(Sl 6-J)-1/2

¢
Similarly the product of the three adjacent delta values for

each pair of adjacent bonds given the third term of the adja-

ceny series as

2 =Z(¢fi §; § Sk

The 'following example demonstrate the calculation of valance

molecular connectivity indices for m-dibromobenzene.
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Specimen Calculation

Evaluation of zeroth,first and second order valance molecular
connectivity indices for m-dibromobenzene where &V (bromine)=

*
0.254

OxV

a- Calculation of

0.254

oxv = (& )12
=Y a2, 2y /2, 2(0.254)71/2

7.2787

b- Calculation of lXV :

0.254 3 03 0.254
' 4 4
4 4

| I
o,

* Value taken from table II.7.
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v = > (§;.85)72
D 263977 0 w2 2(s.0258)712

3.8056

it

c- Calculation of 2XV :

0.254 3

0.254\\\;///§ 3\ 3<§§§3/E;254 3‘

4
B
. .254 3
aru 4‘ ﬁa ’
3 4¢¢J ’ 3 3l\\\\3 3 ’ \\\égff’j

2yv =Z(si .SJ' -Sk )'l/2

6 (6.3.0,250°Y2 4+ 4363972 4 (463 V 2% (3.3.3)7Y

3.2946

The results obtained for the four congeneric groups of compounds

are listed in table 1V.Z.



Table IV.2. Calculated Valance Molecular Connectivity Indices

for PAH , PCB , Halogen and Alkyl Substituted Ben-

zene Derivatives

COMPOUND oxV Lyv 2yv
POLYCYCLIC AROMATIC HYDROCARBONS

Benzene 3.4641 2.0000 1.1547
Naphthalene 5.6188 3.4047 2.3472
Acenaphtylene 6.6188 4.1488 3.1259
Acenaphthene 6.8783 4.4451 3.4324
Fluorene 7.3259 4.6118 3.4910
Phenanthrene 7.7735 4.8154 3.5078
Anthracene 7.7735 4.8094 3.5465
Fluoranthene 8.7735 5.5654 4.2549
Pyrene 8.7735 5.5394 4.2896
Triphenylene 9.9282 6.2321 4.6368
Chrysene _ 9.9282 6.2261 - 4.6685
Benz (a) anthracene 9.9282 6.2201 4.7072
Naphthacene 9.9282 6.2141 4.7459
Benz (e) pyrene 10.9282 6.9761 5.4185
Perylene 10.9282 - 6.9761 5.4185
Benz (b) fluoranthene  10.9282 6.9761 5.1015
Benz (k) fluoranthene  10.9282 6.9701 5.0405
Benz (a)pyrene 10.9282 6.9701 5.4537
Benz (g,h,i) perylene 11.9282 7.7201 6.2003
Antanthrene 11.9282 7.7141 5.9280
Picene 12.0829 7.6368 5.8292
Benz (c) chrysene 12.0829 7.6368 5.8322
Dibenz (a,c) anthracene 12.0829 7.6368 5.8361
Dibenz (a,j) anthracene 12.0829 7.6308 5.8679
Dibenz (a,h) anthracene 12.0829 7.6308 5.8679
Benz (b) chrysene 12.0829 7.6308 5.8679
Pentacene 12.0829 7.6188 5.9452
Coronene 12.9282 8.4641 6.9821
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Table IV.2. Continued

COMPOUND Oy¥ lyv 2V
POLYCHLORINATED BIPHENYLS

Biphenyl: 6.7735 4.0714 2.7321
4.CBP 7.9000 4.5840 3.3498
2,2'-CBP 9.0265 5.1086 3.8495
2,5,4' -CBP 10.1530 5.6152 4.5519
2,5,2'-CBP 10.1532 5.6212 4.5093
3,5,3',5'-CBP 11.2795 6.1218 5.2236
2,4,5,4',5'—CBP 12.4060 6.6524 5.5995
2,4,6,2',4'—CBP 12.4060 6.6524 5.6569
ALKYL SUBSTITUTED BENZENE DERIVATIVES

Toluene 4 .3868 2.4107 1.6548
Ethylbenzene 5.0939 2.9713 1.8392
O-xylene 5.3094 2.8274 2.0843
m-xylene 5.3094 2.8214 2.1582
p-xylene 5.3094 2.8214 2.1547
n-propyl benzene 5.8010 3.4713 2.2356
i-propylbenzene 5.9641 3.3541 2.5654
n-butylbenzene 6.5081 3.9713 4.1927
HALOGEN SUBSTITUTED BENZENE DERIVATIVES

Fluorobenzene 3.6347 1.7867 1.2205
Chlorobenzene 4.5906 2.5126 1.7724
Bromobenzene 5.3709 2.9028 2.2229
lodabenzene 6.8167 3.6257 3.0576
o-difluorobenzene 3.7566 2.0510 1.2478
m-difluorobenzene 3.7566 1.5734 1.2616
p-difluorobenzene 3.7566 1.5734 1.2582
o-dichlorobenzene 5.7172 3.0312 2.3039
m-dichlorobenzene 5.7172 3.0252 2.3936
p-dichlorobenzene 5.7172 3.0252 2.3901
o-dibromobenzene 7.2778 3.8115 3.1362
m-dibromobenzene 7.2778 3.8056 3.2946
p-dibromobenzene 7.2778 3.8056 3.2911
o-diiodobenzene 10.1693 5.2574 4.,7022
m-diiodaobenzene 10.1693 5.2513 4.9640
p-diiodobenzene 10.1693 5.2513 4.9606
o-bromochlorobenzene 6.4975 3.4214 2.7243
m-bromochlorobenzene 6.4975 3.4154 2.8442
p-bromochlorobenzene 6.4975 3.4154 2.8407
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Table IV.2. Continued

COMPOUND' OxV Lyv Zyv

p- bromoiodobenzene 8.7236 4.5285 4.1259
o-chloroiodobenzene 7.9433 4.1443 3.5031
m-chloroiodobenzene 7.9433 4.1383 3.6789
p-chloroiodobenzene 7.9433 4.1383 3.6753
1,2,3-trichlorobenzene 6.8437 3.5498 2.8384
1,2,4-trichlorobenzene 6.8437 3.5438 2.9250
1,3,5-trichlorobenzene 6.8437 3.5378 3.0182
1,2,4-tribromobenzene  9.1846 4.7143 4.2162
1,3,5-tribromobenzene  9.1846 4.7083 4.3697
1,2,3,5tetrachlorobenzene 7.9701 4.0624 3.4630
1,2,4,5-tetrachlorcbenzene  7.9701 4.0624 3.4600
Pentachlorobenzene 9.0966 4.5870 3.8914
Hexachlorobenzene 10.2232 5.1116 4.3616
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IV.1.2. CORRELATIONS

As the second step in the development of valance connectivity
model for the prediction of environmental behaviour of above
mentioned four group of chemical compounds, the correlation

of the calculated valance molecular connectivity indices with

that of relevant data is inspected.

In view of the selected data sets given in table IV.3 for
n—octanol-water partition coefficients (Kgy), solubilities (S¥
and vapor pressures (p), the correlation between y=log = Kgws
log S or log P arfd x= OXV through 2xv is calculated assuming
the correlation to be of linear one-parameter regression type

(y =m x +n).

In this analysis due to the statistical reasons discussed in
the following sections, only the para conformations are taken
into consideration, though the results account for all three

conformations.
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The regression analysis is carried out according to the given
program (Appendix I) using casio fx-602P programmable desk
top calculator and as the main criteria for the correlation,
the correlation coefficient, r, and the number data N is con-

sidered.

The results of this statistical analysis are given in table Iv.3
and IV.&4 where the correlation of each index with log Kgyw, log 5
and log P is given both for each group and for combinations of

related groups.

A closer inspection of these relations with correlation coeffi-
cients of over 0.9 which have more or less similar slopes and
intercepts within interrelated groups/parameters, have led to

a generalization of these values for all four groups of ben-
zene derivatives. While going into such a generalization, It
has been thought that the dispersion of data and the derivation
of the lines representing each group of compounds, in the hig-
her value connectivity index area for all three parameters

(log Koy, log S and log P) is due to the increasing size of



the molecules. (These plots are given in figures IV.lthrouh IV.9 )

As it has also been pointed out earlier, connectivity indices
describe certain intermolecular relationships concerning the
electronic structure of the molecule. Hence as the molecule
gets larger and those relationships get much more complex,

a single index can not account for the whole system.

We know that the individual physicochemical properties of con-
generic series of compounds is sufficiently well determined

by the structure of individual small sections of the molecule.
Similarly a property may be divided into seperate components
which constitute the contributions made by each individual
bond as well as by each interaction between them. These
interactionsbdepend on the structure of the carbon chain

which separates these bonds in the molecule, on the number

of atoms constitutihg the structure and on the states of their

electron shells.

Bearing in mind that these states are described by delta values

constituting the valance molecular connectivity indices, the

140
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complex interrelationship between the bonded atoms as the mole-
cule gets larger may as well be accounted for by using the higher

order connectivity parameters in various combinations.

Hence, in the following section of this work, the possibility
of a generalization of the method of calculation of various
physicochemical properties by means of the theory of graphs
is considered. For this reason a multivariable search of con-
nectivity terms is conducted in a regression analysis using

a program that considers all variable combinations.
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Table IV.4. Results of the Regression Analysis (y=mx + n)

Show1ng the Correlation of Valance Molecular

Connectivity Indices with log Kow, log S and log P
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CHEMICAL

CLASS y X N n m R
GROUP 1:

Halogen subs-' |log Koy %%y 16 .3981 .5121 {0.9332
tituted benze- |log Kow 1x,, 16 L4365 .9804 10.8873
ne derivatives |log Kow Xy 16 .0984 .9466 |0.8683
GROUP I1:

Alkyl subs- log Kow %y 0.1007 0.6290 | 0.9703
tituted ben- | 10g Kow Iy, 0.2420 0.9812 | 0.9545
sene deriva- | 10g Kow 2, 6 0.9559 .0707 | 0.8922
tives

GROUP III:

Polycylic Aro- |log Koy OXV 9 0.0679 0.5873 }0.9998
matic Hydrocar-|log Kow Iy, 0.3511 0.8825 | 0.9992
bons (PAH) log Kow 2y, 0.9335 1.0272 | 0.9947
GROUP IV:

Polychlorina- |log Kow %y 7 0.7483 0.4354 10.9230
ted binphenyls | log Kow 1xy 6 .5473 0.8032 | 0.9287
(PCB) 1og Kow 2%, .3795 .8251 |0.9196
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Table IV.4 Continued

CHEMICAL

CLASS ' Y X N m R

GROUPSI and

v 1og Kow ox,, 22 0.7175 0.4562 |0.9119
10g Kow 1y, 21 0.9628 0.7949 | 0.8312
log Kow 2y, 21 1.2701  0.8795 |0.8672

GROUPS II and

TII : log Kow ox,, 15 1133 0.5838 | 0.9961
1log Kow 1y, 14 0.5852  0.8450 | 0.9940
10g Kow 2% 14 .0680 0.9989 | 0.9898

GROUPS I,11,ITI

and IV : 1og Kow Ox, 36 5607  0.4945 | 0.9148
log Kow Iy, 34 0.8826 0.8013 | 0.9023
log Kow 2y, 34 .1800 €0.9315 | 0.9134

GROUP I:

Halogen subs- | log S %Xy 17 .3427 -0.5721 | 0.8645

tituted ben- | log S vy, 17 5.2924 -1.0936 | 0.8227

sene deriva- | log S 2y, 17 4.4661 -1.0220| 0.7852

tives

GROUP I1:

Alkyl subs- log S ox,, 6 .4057 -0.6193 | 0.9800

tituted benze-1 log S Ix, .2331 -1.0936 | 0.9770

ne derivatives | log S 2y 4798 -1.1224| 0.9100
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_Igble 1v.4. Continued

CHEMICAL

CLASS y X - N i n m R

GROUP III:

Polycylic Aro-|log S ox "5 6.6036 -0.8990 | 0.9784

matic Hydro- |log S 1y 5 6.1787 -1.3534 | 0.9762

carbons log 5 % 5 5.2642 -1.5780 | 0.9663

GROUP IV:

Polychlorina-

ted biphenyls |log S Xy 7 5.2681" -0.6141 | 0.9374-
log S 1y, 6 5.8014 -1.2110 | 0.9307
log S 2x, 6 4.5975 ~-1.2584 | 0.9430

GROUP II and

111: log S OxV 12 6.9845 -0.932% | 0.9812

~ |log S dyv 12 6.1775 -1.3493 | 0.9843

log S 2yv 12 5.4261 -1.6032 | 0.9726

GROUPS I and

v log S ox, 23 5.5858 -0.6227 | 0.8527
log S 1x, 23 5.4286 -1.1326 | 0.8688
log S 2x,, 23 4.7023 -1.1540 | 0.80%94

groups I,II.

I11.and IV: |log S X, 32 5.8995 -0.6917 | 0.8505
log S Ix, 32 5.8297 -1.2508 | 0.9216

log S 2x,, 32 4.9982 -1.3054 | 0.8288




Table IV.4. Continued
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CHEMICAL

CLASS -y X n m R

GROUP 1:

Halogen subs- | log P Xy 17 .8927 -0.7897 .9233

tituted ben- | log P 1x,, 17 .6191 -1.4480 | 0.9670

zene derivati-| log P ZXV 17 L6424 -1.3923 L9771

vis ‘

GROUP II:

Alkyl subs- log P Xy 8 .1038 -0.6076 .9766

tituted ben—~ |log P Ix, 8 3.6626 -0.9198 | 0.9491

zene log P 2, .0688 -1.0210 | 0.8824

GROUP IV:

Polychlori- |log P OXy 3.1435 -0.6168 | 0.8711

nated biptenyls| log P Ix, 8 .0099 -1.2720 .9347

(PCB) log P 2y, 8 2.4704 -1.2368 .8705

GROP III:

Polycylic Aro-|log P X, 12 6.7493 -1.4012 .9512

matic Hydro- |log P Ix,, 12 5.9886 -2.0727 .9455

carbons log P 2y, 12 4562 -2.3388 | 0.9340

BROUPS I and

I11: log P Xy, 18 4965  -1.5629 .9284
log P 1y, 18 .0495 -2.2339 | 0.9499
log P 2, 18 5681 -2.5537

.9378




Table IV.4 Continued
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CHEMICAL

CLASS y X N n R

GROUPS I and

Iy : log Oxv 24 4.3080 -0.7187 | 0.9357
log P lyv 24 4.2220 -1.3335 | 0.9553
log 2y 24 3.4461  -1.3861 | 0.9150

GROUPS 1, II,

11 and IV: | log OV 41 5.8969 -1.0439 | 0.6919
log 1yv 41 6.0695 -1.8817 | 0.8692
log Zyv 41 4.6886 -1.9847 | 0.7766
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FIGURES IV.1—9

Results of Single Variable Regression Analysis where ©OXV , Ixv
and 2XV are plotted versus log Koy, 10g S and log P seperately.
In these figures group 1, II, III and IV represents Halobenze-
nes, Alkylbenzenes, Polycyclic Aromatic Hydrocarbons (PAH's)
and Polychlorinated Biphenyls (PCB's) respectively. The plots
on the transparent pages are the results of regression analy-
sis carried out with electron withdrawing (groups I and Iv),
electron donating (groups Il and I1I) pairs of groups and with

all groups together (I, II, III and IV). On these pages

[ —————— - — — ] represents the regression equation for groups
I and 1V, [ - - ;} represents the regression equation
for groups Iland III and [ ] represents the reg-

ression equation for groups I, II, IIl and 1V together.
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IV.1.3. RESULTS OF THE MULTIVARIABLE REGRESSION ANALYSIS

In figures V.l to V.9, where each property under investigation is
plotted versus each valance molecular connectivity index (VMCI1),
it can clearly be observed that, there occurs a scattering of
points when one goeslup to larger index values or-in other
wordé—to larger molecules.Depending on the high correlation bet-
ween these parameters and the indices, this bebavior may be attri-

buted to the inability of a single index to define the complex 1in-

terrelationship between the bonds for more complex, larger molegcules.

Hence, starting from this point, assuming that;
_ valance molecular connectivity indices are descriptions of bond

properties,

- and the physical properties under investigation, namely pctanol-wa-

ter partition coefficient, solubility and vapor pressure, are func-
tions of bond properties,

it can be expected that a multivariable regression analysis would
solve the problem of this scattering, when all three indices are
used in combination to define the bonding relationshipswithin

Ehe molecule.

For this analysis a computer program has been developed according

to the flowchart given (appendix 11) with which one can play around
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with the type of regression equation as to the number of terms,

number of parameters and the powers of the parameters.

Until the final equations for predicting In Koy, 1n S and In P,
given in table V.l. are obtained, a number of equations has been
tried stepwise within an upper and lower limit of highest corre-

lation in order for the best relation to be chosen.

Examples to these equations within a logical range of correlation
are given; )
- for 1n Kgy (halobenzenes) in table Iv.8

_ for 1n S (halobenzenes)in table V.9

_ for ln P (halobenzenes) in table IV.10

_for 1n Kgy (alkylbenzenes) in table Iv.11

for 1n S (alkylbenzenes) in table IV.1Z
_ for ln P (alkylbenzenes) in table Iv.13
_ for In Kgw(PCB) in table IV.14

_ for 1n P (PCB) in table IV.15

_ for 1ln S (PCB) in table IV.16

- for In Koy (PAH) in table IV.17

_ for 1n P (PAH) in table 1V.18

- for 1n S (PAH) in table Iv.19



- for

- for

- for

- for

- for

- for

- for

- for

- for

In

in

In

In

In

In

In

In

In
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Kow (halobenzenes and PCB's) in table IV.20
S (halobenzenes and PCB's) in table IV.Z21

P (halobenzenes and PCB's) in table IV.22
Kow (alkylbenzenes and PAH's) in table IV.23
S (alkylbenzenes and PAH's) in table 1V. 24
P (alkylbenzenes and PAH'S) in table IV.25
Kow( four groups together) in table'IV.26

P (four groups together) in table IV.27

S (four groups together) in table IV.28

As a result, among these multivariable regression equations, the

best correlation is found out and used in the following calcula-

tions. Analysis is carried out for each of the four groups, for

pairs of groups where one of the groups have electron withdrawing

substituents (halobenzenes and PCB's) and the other have electron

donating substituents (alkylbenzenes and PAH's) and also for all

the groups together.
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IV. 2. EVALUATION OF COMPARTMENTAL DISTRIBUTIONS IN TERMS OF

VALANCE MOLECULAR CONNECTIVITY INDICES

In general, mass and equilibrium distributions, amounts and
concentrations of chemicals in various compartments of the en-
vironment such as air, water, soil, biota, suspended solids

and sediment are evaluated according to different madels which
are reffered in section ITI. 1. All these models which are accep-
ted by DECD Exposure Analysis Group require hard-to-gether phy-
sical data such as octanol-water partition coefficients (Kow) s
solubilities (S) and vapor pressures (P). However, such data
aregenerally quite troublesome to find in the literature espe-
cially for larger structures which are of prime interest to
environmental analysis. It is also not easy to predict and
validate such properties for only a single structure using
various semiempirical approaches because means of checking the
results are very limited when one goes up to large and especially

unknown structures.

So, being able to construct a new model that does not require
any physical data for evaluation of environmental distribution of

chemicals would be a remarkable advance in prediction of envi-

1¢



ronmental HAZARDS that are going to be caused by UNKNOWN CHEMICALS.

As can be understood from the foregoing discussions and the
statistical results obtained, the first three order valance
molecular connectivity indicesOXV, 1xv and 2XV bear a strong
correlation (R = 0.97 - 1.0) with the physical data required

for such a model to be set up.

Hence, this work proposes that by just knowing the simple mo-
lecular geometry it is possible to predict the environmental
distribution of any organic compound provided that a simple
statistical analysis is conducted with the known experimen-
tal values for the parameters in question for a representative
group similar to the chemical group in question. In this way,

the properties of well known molecules serve as a tool for pre-

dicting the properties of molecules that even do not yet exist....

IV.2.1. EVALUATION OF 1n Koy, In S AND 1n P IN TERMS OF VALANCE

MULECULAR CONNECTIVITY INDICES

As a result of the single and multi variable regression analysis

conducted the best equations defining those three‘parameters
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are chosen depending on the correlation coefficients evaluated
as a part of the program used. This analysis is done for each
group, for pairs of groups (I and IV, II and I11) depending on
the electron donating or withdrawing properties of the substi-
tuents on the phenyl ring and also for all the groups together
to see whether a single set of equations be good enough to de-

fine whole aromatic systems.

The selected regression equations for 1n Ko, In S and 1n P are
given in table IV.29 as a set of three equations for each group

considered.

The evaluated results for 1n Kgy , In S and In P on the other
hand, are given in tables IV.30 to IV.33 where the evaluated

values are compared with the values from literature.

The following example for p-difluorobenzene serves as a model for

the evaluation of 1n Kgws 1In S and lIn P using the regression e-

quations given in table IV.29.

' Example: 3
oXV = 3.7566
Ixv = 1.5734
2xv = 1.2582
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Using the set given for halobenzene family from table IV.29;

2/5 2/5 2/5
In § = 49. 5033 - 57.7702(0XV) - 5. 4205(1Xv) + 56. 7490(2XV)

2/5 2/5 2/5
1In S = 49.5033 - 57.7702(3.7566) - (5.4205)(1. 5734) + (56.7490)(1.2582)
In S = 7.1257
In S (obs) = 7.1102
in P = 14.4772 - 4.0817(0XV) - 0.2613 (Ixv) + 4.3669(2XV)
1n P = 14.4772 - (4.0817) (3.7566) - (0.2613) (1.5734) + (4.3669) (1.2582)
in P = 4.2271

1n Piops) ~ 4.2573
-1/4 -1/4 -1/4
1n Kgws 42.7992 - 110.5270(0XV) + 3. 0455(1XV) + 42.1557(2xY)
1/4 1/4 1/4
In Kgy= 42.7992 - (110.5270)(3. 7566) + (3.0655)(1.5734) + (42. 1557) (1.2582)
1In Kow= 5-93

1n Kow(obs)= 5.94
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IV.2.2. EVALUATION OF FUGACITY CAPACITY CONSTANTS IN TERMS OF

VALANCE MOLECULAR CONNECTIVITY INDICES

Evaluation of the fugacity capacity constants Zj for different com-

partments of the environment were given in chapter I11.
This work simply combines modified levell fugacity model56
evaluation of compartmental distribution of chemicals with the
valance molecular connectivity model as a result of which the fu-
gacity capacity constants Zj are expressed as functions of valan-
ce molecular connectivity indices so that, the distribution of
chemicals in the environment can also be evaluated only in terms
of those indices and the molecular weight.

a

The procedure for the calculation of fugacity capacities for

different compartments of the environment proceeds as follows:

Iv.2.2.1. DeriYQE199_9f-th@-&zezgﬁﬁigu_EQE_Ehe_Eegéziix_Eéeéeity

for the
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P mm Hg x (1 Pg / 7.5 x 1077 mm Hg)

H = Py m> / mole
S gr / mx (1 mol / MMt gr.)

p
H = x Mol Wt o 3/ mole

S 0.0075

Kpg = %0C x 0.6 x Koy m’ of water / 108 gr sorbent

P S 0.0075
28:960Cx0°6xf8x10—xK0W [———X’_’—
P M.Wt

Yg = %0C x 0.6 xfg X 107 x 0.0075

Yo = 0.02 x 0.6 x 1.5 x 10° x 10% x 0.0075

1.35 x 1074

-
[}
1]
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then

Zg = Yg X Kgw X (S/P) x (1 / MMt)

Hence in terms of VMCI

Since

and

1v.2.2.3.

Ys exp (In Kgy) x exp (In S)
ZS = X [

M. Wt exp {(1n P)

ed eb - ea+b

e? / eb = ea'b

ZS:

X exp [in Kow + In S — 1n P]
L
M.WEt

Zy =1/ H
M Wt.
H = x (P:/ S) Pgm? / mole
0.0075
0.0075
Zy= ———— X (s /P)

M Wt.
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0.0075
Ly =

X exp [in S — 1In P}
L
M. Wt.

1V.2.2.4. Derivation of the Expression_for_the Fugacity_Capacity

In Kg = 0.085 In Koy — 1.6121

1
Kg = exp (0085 In Kow) m3 of water x — g biota
exp (1.6121) 10°
exp (. 085 1n Kgy) 0.0075 x exp (1n S)
VAN :S,B X

5.0133 x 10° M Wt. x exp (In P)
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let
¥ x 0.0075
Yg =
5.0133 x 10°
vy = L 108 gr /m3 x 0.0075
5.0133 x 106

Yg = 1.4960 x107°

then

Yg exp (.085 1n Kow) x exp (1n S)
Iy = X

M Wt. expﬁ(ln P)

YB

X exp [( 0.085 1n Kgy) + In' S — 1In P]

~N
o
th

M WEt.

IV.2.2.5. Derivation of the Expression_for the Fugacity Capacity



let

then

209

Kpgg = %0C x 0.6 x Koy m3 of water x 2 g sorbent

108

%0C x 0.6 x 0.0075 x ©gs
= XKOW (S/P)

108 M wt.

%C x 0.6 x 0.0075 x fs5 x 107°

0.04 x 0.6 x 0.0075 x 1.5 x 106 x 10-6

=2.7 x 1074

Yss exp (In Kgy) x exp (In S)]

M Wt. exp (1n P)

Yss exp [}n Kow + In S — 1n P]
M Wt.



let

‘then

1
KPgq = %0C x 0.6 x Kgy m3 of water x — gr sorbent

Zsd

Ysd
Ysd

Ysd

Lsd

108

%0c x 0.6 x fsq x 0.0075
106 x M Wt.

x Kow (S/P)

%0C x 0.6 x Psd x 0.0075 x 1076

0.06 x 0.6 x (1.5 x10°) x 0.0075 x 198
2.7 x 1074
Ysd

exp [ln Kow + In S — 1n P}
M Wt.
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In these calculations 1n Kgy, In S and 1n P values are evaluated
according to the régression equations obtained, in terms of va-

lance molecular connectivity indices OXV , Ixv and 2xVv .

In order for these calculations to be carried out and compared,
two computer programs (Appendix II), prepared according to
the flowchart given are used. One of the programs calculates

fugacity capacity constants (Zj) and related distribution values

according to level I fugacity model and the other calculates these

values in terms of valance molecular connectivity indices according

to the model developed in this work (VMCI). Both models use the

final compartment volumes given by Mackay et. al.68 which are

given in table III.I1.

IV.2.3. SPECIMEN CALCULATIONS

In the following two examples fugacity capacity constant for p-difluoro-

benzene are evaluated according to level I fugacity model and

Valance Molecular Connectivity Model.
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1v.23.1. Calculation_of Fugacity Capacities_According to

é) Calculation of Fugacity Capacity for Air

7o =1/ RI
T = 298%
R = 8.314(Py . m>)/(mol °K) or 8.314" J/(mol %K)
1 _4 3
I4 = = 4.04 x 10 mol / m’ Pa
8.314 x 298

Zg = Kpg Ps / H
Po = 1.5 x 106 g/m’
H:P/S

p = 70.612 mmHg ( 1 Pg/ 7.5x 10-> mm Hg) = 9414.93 Pq
o = 1224.39 g/m> (1 mole / 114.09 gram) = 10.73 mole / m>
’H - 9414.93 / 10.73 = 877.44 Pq m> / mol

Kp.= %0C x 0.6 x Kow

%0C= 0.02 for soil

Kp.= 0.02 x 0.6 x 380.19

Kp.= 4.5623 m3 of water / 106 g sorbent

3

Zq = 4.5623 x 1.5/ 877.44 = 7.80 x 1077 mole / m> Py



e)

H = 877.44 Pgm? / mole
2, = 1/ 877.44 = 1.14 x 10> mole / m? Pa

= Kgfp /H

_ 1 x 10 g/m’

™~
o
|

S
o
|

H = 877.44 Pgm> / mole
log Kg = 0.85 log Kow - 0.7
log Kg = 0.85 x 2.58 -0.7

log Kg = 1.493

1

Kg = 31.12 m3 of water / 106 g biota

A

Calculation of Fugacity Capacity_for Suspended_5o0lids

ZSS = KPSS '?SS/ H

- 1.5 x 106 g/m?

)
9]
3]

|

(31.12 x 1) / 877.44 = 0.036 mole / w3 Pa
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f)

H = 877.44 P4 m3 / mole

Kpés % 0C x 0.6 x Kow

% 0C

0.04 for suspended solids
Kpgg = 0.04+x 0.6 x 380.19

9.1246 m> of water/106 g sorbent

KPSS
Jes = (9.1246 x 1.5) / B77.44 = 0.016 mole/ m> Pg

11

KPsdJOaj/ H

1.5 106 g/m>

Zsd

fsd

H = 877.44 m5P4 / mole

Kpgg = % 0C x 0.6 x Kou

» OC = 0.04 for sediment
KPsd - 0.04 x 0.6 x 380.19

9.1246 m> of water / 100 g sorbent

KPsd

Lsd

(9.1246 x1.5) / 877.44 = 0.016 mole / m> Py

214



IV.2.3.2. Calculation_of _Fugacity Capacity Constants According

oxV
1xv
2%V

s

= 1/ RT

1/ 8.314 x 298

4.06 x 107% mole / m3 Pq

Y
S exp [}n Kow + In & — 1n é]

M Wt.

3.7566

1.5734

1.2587

-1.35 x 1074

From the regression equations for halobenzenes (table 1v.29)

g

1.35 x 107

- T exp [%.93 + 7.13 — 4,23]

114.09
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Zg = 8.09 x 107 mole / m3 P,

Z/5(levell)= 7.80 x 1072 mole/ m> Py

7, = _0-0075 exp[lns_lnp]
M Wt.

0.0075 r
Iy = ——— exp {7.13 — 4.23
L

114.09

3

1.19 x 18~ mole,/ m3 Pg

5

Ly

Z,(level 1) = 1.14 x 107 mole/ m> Pg

Zy = —¥B_ exp [0.85 1n Koy + In S — 1In %]
M WE.

1.4960 x 10-3

YB

' -3
7y, = L4260 x 10 7 exp I:(O.BS x 5.93) + 7.13 — a.ziw
_
114.09

0.037 mole / m’ Py

1

b
Zp (levell) = 0.036 mole/ m> Py



d)

YSS

-
ss exp [}n Kow + In S — 1n EJ

M Wt.

Yegz 2.7 x 107%

- -4
Zogz — 227X 10~ ey [5.93 + 7.13 — 4.23]

114.09

ZSS = 8.016 mole / m} Pa

Zss(level 1) = 0.016 mole/ m? Py

Calculaticn of Fugacity Capacity for Sediment

Y
Zeg = =29 exp 1 Kgy + 1n 5 — 1n P]

M Wt.
Yeq = 2.7x 107

4
7oy = 21210 e Ts.% v 7,15 — 4.23:|
114.09 -

Zgq = 0.016 mole / m> Pg

Zsd(1level 1) = 0.016 mole/ m3 Pa
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The expressions used for 1In Kgy, In S and 1n P in these calcu-
lations are functions of valance molecular connectivity indices
of first three order and are obtained as the result of regres-

sion analysis as indicated previously.

A close inspection of the procedure used in the above example
shows that the fugacity capacity constants Zj for most compart-
ments are obtained by multiplying Yj / M Wt. by the exponential
expression exp (1n Koy + 1n S — 1n P)which bears the same
value for each compartment except biota and water; So we can

further simplify these expressions by letting;

E = exp (In Kgyw + In S — 1n P)
so that,

Zi = Yi x (E / MWt.)

for compartments other than water and biota. The results of the

forgoing examples are tabulated in table IV.34. for comparison.

The fugacity capacities for air, soil, water, biota, suspended
solids and sediment evaluated via valance molecular connectivity

approach are given in Appendix III in comparison with the
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Z; values obtained from level I fugacity calculations. In these
outputs Zj values obtained by VMCI model are the results calcu-
lated according bo group specific regression equations for 1n Kgws
In Sand InPand i = 1,2....... 6 represent air, soil, water,

biota, suspended solids and sediment compartments respectively.

Table IV.34. Fugacity Capacity Constants Evaluated by Valance
Molecular Connectivity (A) and Level I Fugacity

(B) Approaches for P-difluorobenzene

Z4 g Zyy Zp Lss Zsed,
Level I 5 ooax10-  7.80x107°  1.1ax1p70 0.036 0.016 0.016
FUGACITY
APPROACH
VMCI 4 0ux10-4  8.09x107°  1.19x107° 0.037 0.016 0.016

APPROACH




IV.3. EVALUATION OF THE COMPARTMENTAL DISTRIBUTION IN TERMS OF

VAFANCE MOLECULAR CONNECTIVITY INDICES

After the evaluation of In Koy, 1n S, In P and Zj values 1in terms
of valance molecular cdnnectivity indices, by the help of the
computer program developed (VMCI, Appendix I11) according to flow-
chart given, the mass and equilibrium distributions, amounts

and concentrations for the compounds are evaluated.

Under the light of assumptions made (section III.1.1) it is accep-
ted that the fugacities for all phases areequal and a comman fu-

gacity f is calculated where,

f=fp="fys= fg = fg =fso

and the mass (Pj) and equilibrium (P;') partitionings (%) among
compartments, the amount (moles) of material in each phase (M1)
and the concentration (ppm) within different compartments (Cji)
are evaluated according to,

P; = ZiVi/ZZi Vi
=7Z; /Y Zi

= f ZiVi

-0
)
|

=
-
|
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and

:Ci = fZi

respectively, following the mathematical procedure given in sec-
tion III.1.1. As an example, two outputs for benzene are given
in tables IV.35and IV.36 for Level I Fugacity and VMCI calcu-

lations respectively.

In order to check the validity of the regression analysis done for
pairs of grotps having electton withdrawing and electron donating
substituents and also for the whole group (groups I, II, III, and
IV together), the calculations are carried out with each group of

regression equations (table IV.29)

The results tabulated in table V. give the evaluated values for
thase three different input sets namely;

- 1n Kgw » In S and 1n P evaluated according to the regression

equations for each specific group,

- 1n Koy, In 5 and 1n P evaluated according to the regression equa-
tions for pairs of groups havingelectron withdrawing (halobenze-
ne and PCB) and electron donating substituents (alkylbenzene and PAH)
- 1n Kgw, In S and 1n P evaluated according to the regression equa-

tions for all four group together (halobenzenes, PCB's, alkylben-

zenes and PAH's)



Table IV.3. Output for the Compartmental Distribution of Berize-

ne Calculated by Level I Fugacity Model

NAME OF CHEMICAL : BENIENE

MOLECULAR W1, 78.114
AO. SOLURILETYs 1789.87

VAPOR PRESSURE: 935.04

LOG OCT-WATER PART. COEFF.t 2.13

HMASS PART EQ PART AMOUNT com
weseeanlR 994644299 B.49983277E-03 99.4644299 1.088174TE-53
ewrseSOIL 8.114735286E-03 .0924607983 8.11475286E-03  9.3907I28TE-IS
e e oWATER 5. 19862294E~03  .0380789649 .519862294 5.8012176E-06

sessRIOTA &,70483B47€-08 .49111719 6.70483847E-06 7.48202303E-03

5. sSOL1DS 1.26229489€-07 . 184921597 1.246229489€-03 1.87815052€E-9%

sGEDIMENT 7.57376934€-03 . 184921597 7.57376934E-03 1.878120528-05

Table IV.36. Output for the Compartmental Distribution of Benze-

ne Calculated by VMCI Model

NAME OF CHEMICAL 1 BENZENE

MOLECULAR WT: 78.114

XO= 3.4641
Xi= 2
X2= 1.1347

FUGAGCITY CAP.CONST.

Zi= 4.034620964E-04

2= 4.8%503424BE-07 OCT-WATER PARY COEFF: 149.7968173
3= 1.80362831E-03 SOLUBILITY: 1800.99137

l4= . 02%T774317 VAPOR PRESSURE: 93.7669311

IS= 9.704468496E-07 G/P= 18.8039821

6= 9,7036BAF6E-0T KOWe (S/P) = 2807.67319

Ha %53.82377&

MAGG PART EQ PART AMOUNT CONC
assecenll 994635057 }7.784637BE-05 99.4635232 1.08816438€-03
ceamsnill H.96H14936E-0D LU933871326 §.96814936E6-03  1.0378341E-0%

feweWATHR S 191170703E-G3  .0348231363 Lm19117078  $.7929016 %604
veeanTA 7. 9TOTH0BE 08 489434341 7.29839938BE-06 B.141706078-03

5. SOL1IDS l.3q50454hE*07 . 187174263 1.39304546E-0%  2.0756682t 03

2]

«SEDIHMENT g, %7027274€-05 .187174263 a.37027273€-03 L07%56682¢-0%
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V. DISCUSSION O0OF THE RESULTS



V- DISCUSSION OF THE RESULTS

.1- TABULATION OF THE RESULTS

The results obtained for the compartmental distribution of
various aromatic caipounds under invéstigation are given in the follo-
wing tables (table V) for each group where (calc. a) repre-
sents the set evaluated according to the results of group
specific regression, (calc. b) represents the set evaluated
according to the results of regression carried out with pairs
of groups having electron donating and electron withdrawing
substituents and finally (calc.c) represents the set evalua-
ted according to the results of regression analysis for all

four groups together.

These three sets of results are given in comparison with the

results of level [ fugacity calculations which is located at.

the last colum in each table.
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V.2 GENERAL EVALUATION OF THE RESULTS

During the last decade concerns have been éxpressed as to the
"best way" to assess the potential hazards posed by exposure

to chemical substances. In response to theseconcerns the Chefhi-
cals Group of OECD initiated a Hazard Assessment Project to
examine the available methods for hazard assessment of chemi-
cals.The initial aim of this project was to determine how in-
formation on the ultimate fate and effects of a chemical can

be derived from the minimum set of premarket data (MPD), how
these data can be combined to géve an estimate of the hazard
from exposure to that chemical and how to identify indications

of relevant criteria for further testing and/or assessment.

One of the three working parties formed to accomplish this
was the exposure Analysis Group and this group was given the
task to consider environmental partitioning and the exposure

from all sources to humans and the environment87,

The exposure Analysis Working Party concluded that Potential

Fnvironmental Distribution (PED) and Potential Environmental
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Concentration (PEC) should be considered when performing a
first assessment of the potential hazard of a chemical based

on the minimum set of premarketing data (MPD).

Both of these expressions allow the estimation of exposure
potentials of chemicals within environmental compartment of
major concern. As a result, the group initially considered
four models which are given in chapter III and it is accep-
ted that all of the four models as indicated previously,
essentially need the following physical/chemical data

molecular weight

water solubility

vapor pressure

soil sorption constant (Koc)

partition coefficient (Kgy)

Table V.2 shows some of the accepted MPD test data and the func-

tion of this data for hazard assessment .

However when we think of environmentally hazardous chemicals

which generally are large molecules and rather complex system,
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3t is unfortunately clear that the set of data proposed is hard
to find in the literature and furthermore the precission of these
data is generally questionable. Hence a reasonable model to get
rid of those parameters would have been a remarkable advance in
prediction of environmental hazards that are going to be caused

by unknown chemicals irrespective of size and conformation.

In this work a new mathematical model based on the topological
characteristics of molecules is developed in order to evaluate
the compartmental distribution of chemicals 1in the environment
and it has been shown that just by considering the molecular
topology one can easily approach to the results obtained by
one of the accepted models by OECD Exposure Analysis Group

(Mackay Level I Fugacity Model) within a high accuracy.

The Valance Molecular Connectivity Index, which is the basis
Qf this new model is known to correlate significantly with a
number of physicochemical properties and by this work it is

now shown to have a high degree of correlation (R=0.97—1.0)
with the vapor pressures (In P), solubilities (In S) and oc-

tanol-water partition coefficients (1n Kow) (tables IV.33).



Table V.2. MPD Test Data for Hazard Assessment Accepted by OECD Exposure

Analysis Group

TLST GUIDANCE

FUNCTION FOR HAZARD ASSESSMENT

Physical/Chemical Data:

Melting Point/Melting Range

Boiling Point/Boiling Range

Bensity of Liquids and Solids

Vapor Pressure

Water Solubility

Uclanol/dater
Partition Coefficient

Useful for determining physical
state at ambient temperatures;
measure of purity; identification.

Relates to vapor pressure and

tendency of substance to evaporate;
identification.

Used to estimate relative distri-
bution within a maedium

Used with water solubility to
determine volatility and air/water
partitioning; liquid/gas and
solid/gas transitions to estimate
exposure as a result of inhala-
tion.

Solubility, coupled with vapor
pressure, determines affinity for
agueous medium and partitioning
between air and water: used to
estimale exposure throuygh aqueous
media ond foodstuffs,

Used to estimate bicaccumulation
and soil (sediment)/water parti-
tioning.

315
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The importance of these parameters and also their use in struc-
ture-activity relationship studies are well known and mathema-
tically it seems obvious that since the combination of those
indices are linearly related to those parameters they should
also correlate in the same fashion as P, S and Kgy to fugacity
capacity constants and hence to various compartmental distri-
bution values. This hypothesis is tested on four aromatic sys-
tems and is shown that the final results which are going to

be presented in a graphical scheme for each group and for each
compartment, compare very favourably with the results obtained

by another method, namely Level I Fugacity Model.

V.2.1. VALANCE MOLECULAR CONNECTIVITY INDICES AND THE FUTURE

REQUIREMENTS

In this work, the first three order of Valance Molecular Con-
nectivity indices are evaluated and used for the four aromatic
groups under investigation. It has been previously indicated
that this method for describing the structure of a molecule
has its roots in topology and a series of indices reflect a

weighted count of subgraphs which, from simple calculations,
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lead to values encoding considerable structural information

and it is this information that makes the evaluation of struc-
tufal features influencing physical properties and related ac-
tivities possible. This work considers four sets of compounds
ali of which are aromatic systems having electron withdrawing
and donating substituents. The equations derived as a result

of a detailed regression analysis defining 1n Koy, 1n S and

in P in terms of those indices treat these sets equally well
whether they are taken singly (group specific regression),

in pairs (groups having electron donating and withdrawing subs-
tituents) or as a whole (four groups together). Since the cor-
relations obtained through whole-group regression are as good
as other two groups in predicting those parameters 1t can be
easily concluded that a single set of equations are enough to
discriminate between all types of molecules provided that they
are aromatic. On this basis, the structural analysis derived
from this admittedly limited set of aromatic compounds may
have theutility as a theoretical screen for other untested
aroﬁatic compounds. Examination of additional aromatic sysytem,
similarly tested, should efford a constructive challenge to

this approach.
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A close inspection of the evaluated indices, in the light of
information given previously together with the results obtained
in this work, indicates that each index is a measure or des-
cription of specific bond property. Hence, bearing in mind
that the coefficients of the regression equations do not have
the significance of contributions from definite pairs of C-C
bond but constitute a certain linear combination of effects
associated with various C-C bonds and their interactions, one
can determine each of these effects seperately after assigning
the suitable physical meaning to each index. Since the main
purpose of this work is to develop a model to evaluate the
compartmental distribution values within a certain accuracy
and since such an interperetation requires a detailed statis-
tical analysis dependent on a large variety of physical data
concerning bond properties this aspect is left as another

future challenge to this approach.

V.2.2. PREDICTED ENVIRONMENTAL DISTRIBUTION OF VARIOUS AROMA-
7iCc HYDROCARBONS IN COMPARISON TO THE RESULTS OBTAINED

FROM LEVEL I FUGACITY CALCULATIONS

In accordance with the previously proposed procedure the mass,

equilibrium distributions and concentrations of the four groups
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of compounds under investigation 1in various compartments of the
environment are evaluated by VMCI model and compared with those
calculated by Level I Fugacity Model. The results of those cal-
culations are given in comparison with the accepted madel 1n

figures V.2 to V.5 for each specific group of compounds.

The evaluations, as has been done with each property (In S, In P
In Kow, Zi) are carried out with all three groups of regression
equations to see weather all aromatic systems can be defined

by a single set of equations defining In S, 1In P and 1n Kgy.
The results showed that the set of equations obtained by
considering all four groups together correlated as well as

the individual statistical treatment of groups, meaning that
the valance molecular connectivity indices used are descrip-
tions of specific bond properties no matter what the subs-
tituent is. This result of course has to be confirmed through
a continuation of this work by considering other aromatic

systems having different substituents.

The input data used in these calculation are taken from lite-
rature. However ,ds the result of the statistical analysis

done, use of Kgw, S and P values for the ortho-meta,



para-substituted benzene derivatives are restricted to only
para conformations. Because the data available for different
conformations generally are results of various empirical ap-
proaches the correlation of which are not over 90 % and which
are generally group specific (may not be applicable to a cer-
tain group). The following table shows the results of the
single variable regression analysis for ortho-, meta-,para-subs-
tituted benzene derivatives in comparison to the case where
all three are considered together. According to this table,
the para-conformation which have the highest correlation

for all three parameters is selected as the input data for

disubstituted halobenzenes .

In accordance with the above discussion, it can be observed from
table V that the distribution values evaluated by using the input
data not considered in the regression are rather off while ot-

hers agree to a very high extent.

As a.result 1t can be clearly seen from the following tables
that the comparison between the two completely different met-

hods of evaluation —one requiring the Koy, S and P values

520



Table V.3. Comparison of ortho—, meta—,

Derivatives in te

rms of Correlation of Data

para— substituted Benzene

mx+nN

ORTHO,META, PARA

ORTHO META / PARA
= log Kgw log § 1log P log Kgw log § 1log P log Kgw log S 1log P log Kow log 5 1og P
0.58. -0.44 -1.07 0.44 -0.53 -1.09 0.63 -0.66 -1.28 0.56 -0.57 -1.16
2.10 3.28 2.72 2.51 3.44 3.01 1.89 3.55 3.24 2.13 3.49 3.00
0.94 0.82 0.97 0.95 0.83 0.98 0.97 0.91 0.97 0.94 0.80 0.95
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and the other only requiring the GEOMETRY DEPENDENT SIMPLE
INDICES— result in similar values in regard to distribution
values. Hence 1t can be concluded that by just knowing the
MOLECULAR WEIGHT and the MOLECULAR GEOMETRY it is possible

to predict the compartmental distribution of any aromatic
compound within a high accuracy without needing any compli-
cated data such as octanol-water partition coefficient, so-
lubility or vapor pressure by using VMCI model instead of the
fugacity dependent models accepted by the OECD Exposure A-

nalysis Group.



POLYCYCLIC  AROMATIC HYDROCARBONS

| —

.Figure V.2. Plots of Equilibrium, Mass Partitioning (%)
and Concentration (ppm) in Various Compartments of the
Environment Versus Those Calculated Through Level I Fu-
gacity Approach for Polycylic Aromatic Hydrocarbons.

In These Plots‘- ® Represents the Results Obtained
Through Group Spec1flc Regression Analy81s{:<:>“JRepre—
sents the Results Obtained Through the Regression Car-
ried. out of Pairs of Groups having Electron Donating
and Electron Withdrawing Substituents and{:<::>} Rep-
resents the Results Obtained Through the Regression A-

nalysis of Aromatic Groups Together.

323



324

VMCI Model

(10-5)

(10-2)

Level 1 Fugacity - Model

Figure V.2.1.1 Equilibrium Distri-

bution (%) in Air
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Figure V.2.1.2 Equilibrium Distribution (%) in
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VMCI Model
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Figure V.2.1.53 Equilibrium Distribution (%) in Water
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Figure V.2.1.4 Equilibrium Distribution (%) in Biota
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Figure V.2.1.5 Equilibrium Distribution (%) in Sus-

pended Solids and Sediment
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VMCI Model
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Figure V.2.2.5 Mass Distribution (%)

in Suspended Solids
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VMCI Model
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Figure V.2.3.1 Concentration (ppm) in Air
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VMCI Model
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Figure V.2.3.5 Concentration (ppm) in Suspended
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ALKYLBENZENES

Figure V.3 . Plots of Equilibrium, Mass Partitioning (%)
and Concentration (ppm) in Various Comﬁartments of the
Environment Versus Those Calculated Through Mackay's Le-
vel I'Fugacity Approach for Alkylbenzenes. In These Plots
[JRepresents the Results Obtained Through Group Speci-
fic Regression Analeis{<:>]Represents the Results Obtained
Through the Regression Carried out for Pairs of Groups
having Electfon Donating and Electron Withdrawing Subs-
tituénts andﬁ:i:ﬂRepresents the Results Obtained Through

the Regression Analysis of Four Aromatic Groups Together.
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POLYCHLORINATED  BIPHENYLS

Figure V. 4. Plots of Equilibrium, Mass Partitioning (%)
and Concentration (ppm) in Various Compartments of the en-
vironment Versus Thoée Calculated Through Mackay's Level

1 Fugacity Approach for Polychlorinated Biphenyls;ln These
Plots{@@i}Represents the Results Obtained Through Group
Specific Regression-Analysis&C:X]Represents the Results
Obtained Through the Regression Carried out for Pairs of
Groups having Flectrdn Donating and Electron Withdrawing
Substituents andk:::ﬂRepresents the Results Obtained
Through the Regression Analysis of Four Aromatic Groups

Together.
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HALOGEN SUBSTITUTED

BENZENE DERIVATIVES

Figure V. 5. Plots of Equilibrium, Mass Partitioning (%)

and Concentration (ppm) in Various Compartments of the En-

vironment Versus Those Calculated Through Mackay's Level
I Fugacity Approach for Halogen Substituted Benzene Deri-
vatives. In These_Plots[ﬁd} } Represents the Results Ob-
tained Through Group Specific Regression Analysis{Z(Z} J
Represents the Results Obtained Through the Regression
Carried out for Pairé of Groups having Electron Donating
and Electron Withdrawing Substituents armi[ <::> ] Rep-
resents the Result Obtained Through the Regression Analy-

sis of Four Aromatic Groups Together.
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V.3, CONCLUSIONS AND THE FUTURE RESEARCH NEEDS REGARDING
VMCI MODEL

As a result of this topology dependent Mathematical Mo-

del developed it has been understood that Valance Molecular

Connectivity Indices which encodes information about size,

conformation, branching and the heteroatom content hy consi-

dering the sigma, pi and lone pair clectrons on each atom

is also a good measure of physical propertics that are de-

pendent on the bonding properties of the mol {‘.(‘ule(s; such ay

partition coefficients, solubilities and vapor pressures.

Since tendencies of molecules to partition within diffe-

rent phases is also a function of these properties Valan-

ce Molecular Connectivity approach is developed as a predic-

tive model for the environmental distribution of various

aromatic pollutants. Undoubtedly without further efforts

to examine otherraromatic systems having different subs-

tituents in a similar fashion, this model cannot be con-

sidered to be systematically validated.

However, even if at the end of such an examination the dis-

tribution values for all aromatic compounds can not be defi-
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ned by asingle set of equations for 1n Kgy, 1n S and 1n P,
to such an high accuracy, it is still.clear that at least

these values can be predicted precisely by using the sets
obtained from a group specific regressive analysis of the

available data for each congeneric group.

Another thing that can be done as a continuation of this work
may be a detailed statistical evaluation of the resulls pre-
sented in table V,é to V.5. Due to the high correlation bel-
ween the caleulated resulis by both models these relations are
known to be of the form y = mx where the intercept (n)~ 0.
Hence one can assign various correction factors (using the
variance in slopes) to these values which at the end can be
considered as a constant value that can he used in the for-
mula used to calculate the distribution values. Or if this
procedure is carried out before the evaluation of the distri-
bution values for fugacity capacity constants these values
may become constants that can be used within the formulas
used to calculate the fugacity capacity constants (Z3) and

furthermore some physical significance may be assigned to

them.
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On the other hand, to further evaluate the developed model,
its sensitivity to the accuracy of the input physicochemical
properties need to be determined to provide an estimate of
the extent to which variations in the data set will effect
the predicted results. If these individual parameters are
found to have a major effect-which is inevitable-it would be
a good idea to reconsider the test or prediction methods tor
these parameters Lo ensure that gsclul resulls will be ob-

tained.

These four case studies indicate that. it is possible to quickly
focus in on the key environmental questions that might bhe asso-
ciated with a new product. Using the avalisble physical propertics itoas
possible Lo quantitatively predict where in the environment the
chemical will reside. Based on this information, by incorparating
the additional data into the model a more refined estimate of -
exposure can be made. The only limitation is that the model is
based on equilibrium situation and doesnot consider the kinetics
involved in the transfer process from one medium to another. Ho-
wever, the model does have the ability to integrate the key pro-

perties of a chemical into a single index. S0, using this approach it is
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possible to set priorities and to suggest new directions for
the continuing investigation of potential problems associated

with chemicals that have or will be introduced into the envi-

ronment.
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EVALUATION OF VAPOR PRESSURES FOR UNSUBSTITUTED POYLCYCLIC

AROMATIC HYDROCARBONS

For some substances of environmental interest, especially
for very low vapor pressure substances, the only vapor pressu-
re information that may be available is the boiling point and
melting point. One of the equations which can be used to cal-
culate vapor pressures from the boiling and melting points in the db-
sence of experimental vapor pressure data is the Kistiakowsky

'Linear[kkiEquation?*

In P = -(4.4 + 1n,Tg) E}.so}( (Tg/T) - 1) - 0.803 ln(TB/TE}
-6.8( (Ty/T) - 1) (2.14)

where P is the vapor pressure in atmosphere at environmental
temparature T in % and Tg » Ty are the boiling and melting

point temparatures in %K.

The third term including the melting point is neglected for
liquids, i.e. when the melting point is lower than the environ-

mental temperature. The KLH equation can be applied only to hydro-



carbons and halogenated hydrocarbons that boil above 100°c.

It is believed that this equation should yield predicted vapor

pressures with an average error of only a factor of 1.25. The

comparison between the calculated and experimental values have

been shown by Mackay et al54 to be good.

In this study, this approach is used according to data a-

vailable in table I.

Table 1.

Polycylic Aromatic Hydrocarbons

s Boiling and Melting Point Data(a) for Unsubstituted

I-ii

COMPOUND Ty Ty Ty Tg TM/ib) 1n(ig
(°k) (%)
Benzene 278.66 353.26 .8672 .1848 L9346 0.1696
Naphthalene (s) 353.71 491.16 .1968 L6473 .1863 0.4991
Fluoranthene(s) 384.16 648.16 L4741 L1739 .2884 0.7765
Fluorene (s) .  389.66 567.16 .3406 .9022 . 3069 0.6430
Anthracene (s) 489.46 613.16 .4186 .0565 L6416 0.7210
Acenaphthene(s) 369.36 552.16 .3138 .8519 .2388 0.6162
Acenaphtylene(s)365.66 543.16 .2974 .8217 L2264 0.5998
Coronene (s) 712.16 798.16 .6823 L6770 . 3885 0.9847




Table 1. Continued...

1-41411

COMPOUND Ty Ty In Tg TB/T(b) T/, (b) ln(TB/TSb)
(°K) (%)

Phenanthrene(s) 374.16 613.16 6.4186  2.0565  1.2549  0.7210

Pyrene (s) 429.16 666.16 6.5015  2.2342  1.4394  0.8039

Chrysene (s)  528.66 721.16 6.5809  2.4187  1.7731  0.8832

Perylene (s)  551.16 648.16 6.47461  2.1739  1.8485  0.7765

a)CRC Handbook of Chem.

b)T = 298.16

and Phy., 56 th. Ed.

Specimen Calculation I:

Method : Kistiakowsky Linear AH Equation

Molecule : Naphtalene




Equation :

In P+ (4.4 + In Tp) | 1.803 [(TB/T) - 1] - 0.803 1n (TB/TE]

-6.8 [(Ty/p) - 1]

P : vapor pressure (atm)
T : Temperature (°K)
Data :

TB: 491.16

T

M= 393.71

T

298.16

Evaluation:

InP = (4.4 +6.1968) | 1.803 [ 1.6473 -1] - 0.803 (o.a991i]

-6.8[1.1863 - 1]

1n P= -10.5968 (1.1671 -0.4008) - 1.2668

1n = -9.3871

p = 8.38 x 107 atm.
calc. )

(0.0637 mm Hg)

P> 0-0492 mm H

I-iv



Pery]_ene 2.11 x 10

Table II Evaluated vapor Pressures of Unsubstituted Polycyclic
Aromatic Hydrocarbons
COMPOUND P(mm Hg) log P
Benzene 100.5 2.002
‘Naphthalene | 6.4 x 102 -1.1938
Fluoranthene 9.5 x l()'6 -5.0223
Fluorene 6.24 x 1074 -3.2048
Anthracene 5.71 x 107° -5.2437
Acenaphtylene 3.69 x 1072 -2.4331
Acenaphthene 2.14 x 1077 -2.668%
Coronene 1.08 x 10"12 ~-119667
Phenanthrene 7.91 x 1077 -1.017
Pyrene 1.27 x 1078 -5.8960
Chrysene 6.06 x 1077 -8.2187
-7 -6.6758
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APPENDIX



PROGRAMS

COMPUTER



N, M, L
W(N , M)

X(1,1) = 1
X(I,2) = W(I,1)

W(I,1)t2

X(1,3)

YEI,l) = Q(I,M)




44

4

3

Div
[RR R
DI
i
DIM
OIM

v (N, 1)
EREIE
B, 1)
Taf TO)

N




[Sael S WA

S 5 ol _:f,
dady FOR L1 T
IS TR ot P L I P T SR

L0 NMERET

I R I EE

12l MEXT 1

RV I A TS

TF fao=1 THEN 132

Tg R des TeERD 1A

130 NEXT I

s R Bl TU B EOR Jel TOM
WOl Jr=Ld J(W([,J))

) 61(‘_‘, R l Far "'E l.'.) ( [ y w ‘-;
2

17 NEXT
e T A
1T PRINTHE4,
DAy NMEX DT

41 FOH Izl TO W™

K([ 4) Nf{
[RCTE TR S IO U S A

201 MEXY I

JELJ[ghy}.‘“m.44ﬂf¢qiKmm”mmmeummmmemmm_”m““

240 FOR I=1 TO L

SN FGR Tt TN

260 XO(T,J)=X T, 1)
SBONEXT

290 MNEXT I

TG G = 0 £

T20 FOR J=1 TO L
a0 VDR ksl TOON

w40 X101,3)=X1 (1,3 +#XO{TE)¥X KD
250 NEXT W

60 NEXT J

70 NEXT T

280 FOR I=1 TO L

G0 KPATL D) =l

400 NEXT I

410 FOR J=1 T0 L

420 T=X11(J,3)

440 FOR k=1 TO L
450 X1(3,Ky=X14J, KI/T
460 AELT, l)~X“(J k) /T

www R e o

CREADMA SRR RO



£
GO0

A

BE0
A0
D0
s
7B

G0

P

FOR sl 0

IS N N

W L A N I
NN A IR S R
MEXT &

PMEZY

NEXT 1

R A N

EOE Il TO

[T S S
Q(Ivﬁ)wmiiuﬂi+XE{I,H)%Wﬁuiwn
NELT
MEXT T
SIS
WX H (L, 1 AN

OIS

FOR = 0 TO L

0 O DU S DR
YO(IHJ)wVQcI“J)+X(Igﬂ)*ﬁ(H.J)
[RESAE S

MEXT I

RIS

FOR I=1 TO N
fmil,1ﬂwTOﬁT“1)mYu

YT, L=y (1, 1Yo,

BEXT T '

FOR [=1 TO N

W1, [rayool, D)

NEXT T |

FOR Ll 10N
BByl (1, D #YO (I, 1)

MEXT T

i

1010 FOR I=1 TO N

100
1030
1050
T1040
1070

Yol Lyey i,
NEXT 1

FOR [=1 TG N
C=C+Y1(1,I)*Y(I,1)
NEXT 1

1080 R=SGR(B/C)
1QR0
AL00
1120

e (e o [ E B UL TR o oo
PRINT#4 , "RESULTS!
FRINT#4, ===

]

N



PLFG OFRTRT A,
1180 FRINT#4, "REGRESSION COEFFICIENT"
L 1 (f_') [T B 2 [ Nli.l. x.']. . " HHe L e ms e a1k et s s et im0 et sem e o o
1200 FOR I=1 TO L
CLELG Tl
1220 PRINT#4,"A("J")="A(I,1)
; U T O
FRINT#4,
R 4 A o (W PO 1 DT e i
Y PRINTHA,
PRI, T CORRELATION COEFF, = 8
FRINT#4,

Al [ 2zl e B PR 0 R e T
12hn PRINT#4,“NQME OF CHEMICAL="T7%
L ERCCIT #4006
FRINTHES, "A
FT T AR
FRINT#4,
PR MT 84, " K
FRINT#4 , "X 1="1]
D PRTNTHA, K
FRINT#4 "EQWER X0="D
|’r4 STMTHA, TFOHER X1s"E
FEINT#A,"FﬂwFRix:u"F

INFUT H
TE M= THERN 1272
IF H=0 THEN 1279

LEye TNRFUT T#
1274 GO TO 1253
| LTS END

TRFLIT @ TNPUT Ao INFUT BR: TNPUT GO :
TNF‘U‘T S INPUT Us TNFUT VOINPUT D INPUT E: INFUT F:INFPUT GG

FECTNT A, O \(_:-"f T PROIMTHA, ULLOE Y IORS)

ST

i clc!

VoLl

By
b ‘géé

-y

v”=f\l._.ﬁ(f_.‘
)



MW, Visg, Mp
KUW ’ S [} P

KB 5 Kp
H

!

Zay Igy Zwy Iby Igs 5 Zged

!

PRINT

Zay Zgy Zwy Ips Issy Ised

M(I), E(I), A(I), C(I)

PRINT

M(1), E(I), A(L),.C{I)

!

' STOP )



g2
o370
84

REA

16
12
14
15
L&
17
R
180
L0
200
SR

o
kN

# TR T
wE KR W ¥

¥
EO% K OEKE

RS

i ¥

*
%
*
T

* % X
® % %
E
* & ¥

¥ ®

DY.

el s
DIm TE(
TH11L)
TEA{2)=
T&E G
TH(4) =
HENGHY I
TE(LH)=
P
Vi)Y =6E+Y
VOOE) = dEHaan
ViZ)=7E+04

V(4 =T
V(5)=33
V) =2 1000
D(1)=.00119
DRy =1.5
PiSr=1

Ay =1

&) .
o w waw (y [R
v sk BOTL"
Mo TR
nxaexRIOTAY
cw, S0 TDE

" SEDTMENT"
AN s

* K RRE #

¥x F %k

.* .*. * -

EE LS S LT L st E Ll LS N LEELTE T

’. .!.
- % ¥ L
*® * % %
@ w oW
* ¥ ¥
.

*

% ¥ k¥ K
* ov ® R K

W

PRSI P R % SRS R TR LR R Lk

i m e 1anr e i T e a8
s



AT L ¥ YR

420 DY =15
A%0 DAy sl
440 B (7)) =7
AW B )
Ay B (&) =4
i e
480
AL PR e
=400 TNEFUT D

=AY DL

S TR
a0 THNFUT CS
AT TNFTLLY

&H10 =4
ey ERE LT

llf‘””! Y

e N RI HL M -

Fopehy kel ; :

' \‘)r.nvl(f1//lﬂﬂ
Py

LA 0L T LG

7RO
SINTH I,..'rﬂ-h{?Eul
B0 B vnh)* Sk ] DHLT A L0
VTN ey AT L Az
grme REM —-DTET VALUES e
T TR TR R
BE0 ’
ST
{70
R L BT R St
890 MEXT T
o e Ly A5
10 FOR I=1 TO 6
R0 M(t~mer)«er y /6
9IO E(l)=7(1)/58
Gacs i) =R (0 ey D)
YH0 F(I)“A(I)/V(I)*M/D(I)
Pa0 NEXT 1
791 FRINT#4, "NAME OF CHEMICAL: "CH
o pp [ T4, MOLECULAR Wi, "M
9o% PRINT#4,"ACU. SOLUBILITY: "C8B
Qo ERINTHY,
998 FRINT#4,"VAPOR PRESSURE: "FP3
Yy PRIMTHS ,
1000 PRINTH#4,"LD6 QCT-WATER PART. COEFF.: "7
1001 PRINTH#4,
1411002 ‘REM PRINTWDIST'VBLUESﬂ“—*—'%—*-*—
1007 FRINTHE,
4010, PRINTHA, SPC (06 Y "MASS PART" ,"EQ PART", "AMOUNT ", "CONC™
to14’ TERINT#4




101& FOR I=1 TO &
Loded PRINT®RG, TE T
1000 FRIMTH#4,
Lyl BT

1070 REM REFEAT PROCEDURE FOR NEW CHEM.
K R U Y V) R )

1120 IF AB=1 THEM 4%0
UL DR ek THER 11D

1120 EMD

PMOIIE L oo

READY .




START

MWL, Vi, @4, M7
oxv , Ixv  2xv

!

Kow *S/P
H

YS H Yw ’ Yb’Yss,Ys

Zay gy Zws Ibs Issy Zsed

!

PRINT
Zas Igy Zws Iby Issyr g
Kow, S ] P L) H

I<N

M(1), E(1), A(I}, C(I)

PRINT
M(1), EC1), ACD), C(D)

Y

( 510P ’



R S R R T R R E R P
] W o REEWE #
! T T T ) * *

*
%
#
#
*
#

T+ %

*
¥
*

R R T P R TR L R R

10

(e fi A’%"LMD Gel. iST 10-410

N. ALEYLBEN. FCB. SR —
TN R A TS TN

!7 i...,\vf, l"lr Tpp—— VUL LU Pl
pebesy LM Tiid

180 DIM (&)

PR D E A )
200 DIM Mo
Sl DRI B (G0

2RO DIM As)
GEOCDTHM L ie)

240 DIM TEED .
s v e T kn s #A TR
D60 TElm)= "EeereGUIL]
AT TE IR o W TERY
280 TE(4)w naxkxRIOTA"
R TR ) e e L LR SRR
ﬁﬂﬁ TH (&)= N GED IMENT"
20 Y1) =6E+Y

‘T WL Ty e TS0

40 V() =FEYDOE
CEBOD N (4) =T

JI60 W {E5)y=38

T MR =R 1000
X8O D(1y=.00119
 3?0 De2ya=l.9
. 400 D (3 =1

G410 DC4y=1

‘.”_ (#%5 L

gt D SO PE N AL DL TRTELT UM -



RO

20

B2t
- \|22

8323

SR
INFUT CF
PMELIT
REM~-~=~E

PRIFIT M

speaf TR

VALUATION OF EQWRES/Femene

AR IR A R

g--D . uaw; ¥ { }" ) ) 1‘”.2

1 17@9

TRT RO SRR e

C» H..Uc?l'"

L W

ll

B LR
FRINTH#4,
T
FRINT#4,
FRCTIT A,
FRINT#4,
FRCURT AL
FRINT#4,
FRCINT R

| —AEXF‘(I MK r1w>

‘. H*(X"‘) T”
‘1 8517

e TR
* (XH) TOE/4)
J‘"'ﬂ"}

!’-()(H).

h;‘\'|')

i

PR G CHETTCHL Y "0k

n e RO
G

G-

ST W TER AT COEE e

wgnLURILITY: "6

U aE R FREBSURE S "R
-YeeE R
b (G F) = EON

REM -~-~FUG Cap CONST ——=mm====

AL R
HH"(P\*M)

R
/(0% , 0075

SECSWARY

= (F Tl
1. \.41—1*..’]1'

(o=
243y rr‘

ﬂfs))/a.ﬁi .....

G RRAS

T E, HxpaD (5) *. 1 /HH
y 3, LD () H o A

Z(h)y=P () ¥, LepP#D (&) *0. 01 /HH

PR TN A,
PRINTH4,
FRINT#4,

READY»

uzj u'il-l)
IlZﬂ::llZ(‘-
.':5':::.u-"£ ()



g BRI R e T

8235 F'F"Ih-‘T#"L, WPE= 7 ()

Ed PRIMT G, s L (E)

8727 PRINT#4, "H="HH

ey R e DL WLE S e e e

= AR DI LV

w7

F=l00/85

@0 B0R L=l T &

Qoo MIT)=Z (1) IT) /G5

gacy BTy e oD St

40 A =FxZ (1Y*V{T)

E O T e 1 SV (T RGO

a0 MEXT I

PR T RA T HMOLEFCULAR WT e "M

T REM PRINT DIST VALUES-——emmemmmmr——
TR TTE

FEINTHS , SFE(0&) "MABS FART" , "ER FARTY , TAMOUNMT, TGN
e DT A,

FoR I=1 T &
PHTNYHﬂvfm(TBNiI)HfI)%(LHC(H
FRINTHL,

pEEHT

REM REFEAT PROCEDURE FOR NEW CHEM
TR el

1120 IF AB=1 THEN 470

L1 IE akest THEN 1130

1130 END

HEADY .
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¢ FUGACITY AND VMCI MODELS

(*} Given 7; values for VMCI model are evaluated according to group



OUTPUTS FOR FUGACITY CAPACITY

CONSTANTS CALCULATED BY LEVEL I

FUGAC

%
ITY AND VMCI MODELS

(*) Given Zj values for VMCI model are evaluated according to group

specific regressi

on equations for In S, In P and 1n Kow



ALKYLBENZENES

LEVEL I FUGACITY MODEL VMCI MODEL

NAME 0OF CHEM: BENZENE
FUGACITY CAF.CONST.

Z1= 4.07620964E-04 e ?-”7(”0?&45_04
I D3 ; s A G T
12= 4.3F90360Q036E-03 ‘Tw Lt 0T
Z4= 023321015 L - RSNEBAROS
5= 8 7811707;5_01 b= B.0872765E~07

7 &y - VTN LT ey
76= 8.78112073E~03 B.0B72765E-07

NAME OF CHEM: TOLUENE
FUGACITY CAF.CONST.

Z1= 4,034209&64E-04 L1= 4,07 S6Z0964E-04
2= 0118922207 PRt 85

723= 1.Z4B893324E~-07 7=

Z4= , 05205 569 Dhwe JOETIRET TR
15= .0RE7844415 5= . 0264 9166

76= 0237844415 Fh= L 0O0HASE16E

NAME OF CHEM:ETHYLBENZENE

FUGACITY CAF.CONST.

Z1= 4.03620964E-04 Li= ”jfpf.”fﬁd' A

2= L O2B4IB05E Lés T 5
23= 1.11851129E-0% Lim 4L 05471 AR
74= 106203877 ' Z4= 0184

b= JOS6B77811 . 1 &= . 0718710278

NAME OF CHEM:F-XYLENE

FUGACITY CAF . CONST.
S ——— FLe b oA 08
2= .0 ) 0 . £ ﬂUﬂ u4 lu(h
7= 1. ??J 44f|2 o 7%= 10494997 1E~O73
; S er h P LA 7O 00T 6

Z4= 174539736 ‘ oo o
Z5= . 0944488808 o= Q79296977
Zh= 09444838808 Lh= LO7QULEY 7T




NAME OF CHEM:M—-XYLENE

FUGACITY CAF.CONST.
1= 4.0Z2620944E-04
2= 039003774
3= 1.36720661E-03
4= 143164107
D= . 078007552
6= 0780075521

1= 4,03620964E-04
L= 039413531181

3= 1.47838167E~-0X
A= 14461020
8= .0780126 >
L&e LOTHBREIIGE

NAME OF CHEM:0O-XYLENE

FUGACITY CAP.CONST.

21= 4 Q3620964E~-04
22= 0448530781
Z3= 1.89025218E-03
Z4= 16924652

15= .08B927061561
6= 0897061561

Zi= 4.03620954E-04
Poven Q44507190
Z= 1.84102978E-03

Th= LETARATHD
75= .08901447364
FEe L nRs0n144n684

NAME (OF CHEM:N-FROFYL.BENZENE

FUGACITY CAF.CONST.

Z1l= 4.02620964E-04
12= .0862452894

71= 4. (~)'7<‘3n(‘)(?64l:"(:)4
’ L OEPRBYEL G T
= 8. 7530 7808E-04

.....

b S g "y . -r d T Z"

;z‘ 1;221‘,;:?&%‘(“"' Tae LeT7068Y

A S R P Paten B —— .‘_25“?779313’
15= 172490579 o 1( P
ThH= 172490579 L0 ‘ .
NAME OF CHEM: I-FROPYL.BENZENE

FUGACITY CAF ,CDNE)T

T T 4 o O a2 AT O g
Z1= 4.0 "’"’“‘?‘545 —04 R IS ¥ B = AT Y

1 3= .(_)\J\,,l7(?('?(‘.318({3 73%= 7 -_';4‘:“'8358‘;."‘04
23= &.78203899E-04 74 AT

4= 174727103
15= .111599637
Zb= 1115996357

25= ”69 36781
L&= .1&&946/81




POLYCYLIC AROMATIC

HYDROCARBONS

LEVEL I FUGACITY MODEL

VMCI MODEL

NAME OF CHEM: FHENANTHRENE

FUGACTITY CAF.CONST.
Zl= 4.0Z620964E-04
I2= 413,613541
L3= 577194578
L8= 9T, 099994
L5= 8B27.227081
6= B827.227081

Zi= 4.03&6E0964E-04
/ 440, 51410

LE= L5674678

P S S L IR I YR

23= 881.028261

D& Al L0261

NAME OF CHEM: ANTHRACENE

FUGACITY CAF.CONST.
1= 4.035620964E-04
I2= 297.703577
L= IZB7716663

1= 4. Uﬁé 09645'@4
Jmm L7 . ER417
15= 2. \JD(..)q‘\_)é\.J

Z4= 666.828981 74 9. 56467

25= 595.411155 15= 3874 66827

£6= 595. 411155 Té AETA L 6EHTN
NAME OF CHEM:PYRENE

FUGACITY CAF . CONST.

Z1= 4. nwéﬂ0964E -4 PHe L UAPAYEAr o
= 11BEL.2494 WV P

73= 3.86014715 | amasig

Z4= 21067 .0%566 Nt M s vt

75= 23062.4989 I5= 6049 . 9I5G

Th= 2IZ062.4989

b SO4Q | QIEET




NAME OF CHEM: CHRYSENE

FUBACITY CAF.CONST.
Z1= 4.03620964E-04
2= 148436.324
23= 10. 1453652
4= 213681.87S
15= 294872.648
16= 296872.648

Z1= 4.03620964E-04
L2= 16905.8129
L3= 1.17044999
{A= 24776,8877
L35= 33811.6257
Z&= TTER11.6257

Dl b/

NAME OF CHEM: PERYLENE

FUGBACITY CAP.CONST.
Z1= 4,03620964E-04
L2= Z208.326779

L3= 05636527646
L4= T7467.13899

L15= 6416.73559

6= 4L£416.73559

L1 4 036209648 G4
2= A56T4.T109

i L ER0945H T

L4= 41877.582

LOm T1R268.48218

Lb= 71268.6218




POLYCHLORINATED BIPHENYLS

LEVEL I FUGACITY MODEL VMCI MODEL

NAME OF CHEM:BIFPHENYL

FUGACITY CAP.CONST.

Z1= 4,03620964E-04

2= 6.37509386 L1= 4,03620964E-04
3= .0370863488 2= 5.5157849

4= 17.8736841 I3= 0360169717 .
I5= 12.7501877 Z4= 15.7302991

6= 12.7301877 I5= 11.03154698

Z6= 11.0315698

NAME OF CHEM:CBP (4)

FUGACITY CAP.CONST.
_______ :——-—~-—~—~~—* Z1= 4_QZ620964E-04
Zi= 4, 03620964E-0Q04 2= 3.,73824448

Zgi Egéiéi2i2i7 I13= 9.48906689E-07
T e estas 4= 9.25221571

24= S 2070463 S= 7.47648897

15= 46.2234862 Zem 7 avesnmey

6= 46, 22TABER

NAME OF CHEM:CBF (2)

FUBACITY CAP.CONST.

Zi= 4,03620964E-04 Z1= 4.03620964E-04
I2= 16.9263253 12= 7.,47700226
Z3= 0236205593 13= 0237195648
4= 3g.3080617 4= 19.1350266
715= 33.8526506 5= 14.9540045

Z6= I3, 8524506 Zb= 14,95400405




NAME OF CHEM: CRF (22 ¢

FUGACITY CAF.CONST.

I1= 4.03620964E-04
I12= 2.60207139

)

L1=

4.036209464E~04

i 22= 12. 06250250
73= . 0138053277 2
I3= ¢
Z4= 7.1952635 - ;0177472872
o 4= 27.5097709
IS= 5.20414278 _
Z6= 5.20414278 IS= 24.1250504
‘ 6= 24.1250504
NAME OF CHEM:CRF (2454°5 )
FUGACITY CAF.CONST.
Z1= 4.036720964E~04 L1= 4,07620944E~Q4
I2= 193.455216 I2= S6.2155086

L3= B.I4272519E-03
Z4= 259.900994
25= 1386.9104Z%2
16= E86.910432

L3= 4.,07396925E-03

= B81.6159541
= 112.431017

765 112,431017




HALOGEN

SUBSTITUTED

BENZENES

LEVEL T FUGACITY MODEL

VMCI MODEL

NAME OF CHEM:FLUOROBENZENE

FUGACITY CAPR.CONST.
Z1= 4,03620964E-04
12= 5.21968B05E~03
3= 1.5072968FE~07
Z4= .Q264162652
715= 0104397361

6= 010439361

Tl AL OmETO9E 4L
2= 3. é98465T:E Q3
Lk Ll ROTSESLETG4E-
4= LOR2T77093731
Zhe LD LTEQEYEROS

TZém LO11E969T06

mq

-0

NAME OF CHEM:CHLOROBENZENE

FUGACITY CAP.CONST.
Zi= 4.03620964E-04
I12= Q34170429

13= 2.74296094E-03
4= 142029292

71S= .0683408579
Le= 0683408579

O EEEOAY

I3

T L uh PRSI

/1~ 4, n"é”n9ﬁ4F~H4

3_061“6 UBE—Uq

Sl L LAPEN TS

75 ()J()?b()c;"?ﬂrL

NAME OF CHEM: F-DIFLUOROBENZENE

FUBACITY CAF.CONST.
1= 4.056209

72= 7.B0058997E~-03
7 1. 13986901E-OD
. 0354694901

L 0156011799
0156011799

R L R

oy
W

71= 4. 05620964F -
i G e
T 1 1R PETONE -0

e . .
5= L O1&1 712508

04

oy




NAME OF CHEM:M-DIFLUOROBENZENE

FUBGACITY CAP.CONST.
Z1l= 4,.03620964E~04
I12= S.72474494E-0O%F
213= 8.36534075E~04
Z4= .02603054673
" 18= .0114494899
14= .0114494899

Fle 0G0 4G~ 0
L QL AR LETE QL
FAST I BRSNS Yl o
L4~ 0479111829
5= 0165858647
6=, 01655E8647

NAME OF CHEM:O0-DIFLUOROBENZENE

FUGACITY CAF.CONST.
Zi= 4.03620964E-04
12= .0492311027
3= 7.03018993E-03
4= 223083299
I15= 0984622053
6= 0984622053

/5= 6.88051989E-03

Tér Gl BROSIZERE -0

NAME OF CHEM:F-DICHLOROBENZENE

FUGACITY CAF.CONST.
Z1= 4.,03620964E-04
12= 925730439

I= L 0209513513
Z4= 3.18208693

75= 1.85146088
Z6= 1.85146088

4G Do ]

i)
IR= . 180BE29LT
-

ne L RATEST L
8= 647218596
FAR RSN s T N AL I

76= 361665903

NAME OF CHEM: M-D ICHLOROBENZENE

FUBACITY CAP.CONST.

Z1= 4.03620964E-04
2= . 19110032
3= 2.72890814E-03
Z4= .613040148
15= .382200647
16= .3BR2200647

Tl 4. OEREP0OTHAE 04

P R RS T BR I P
73 5. 5412891 F7E-0%

o ERR Y- B R
75= .368749301
7o L S6EBT7ATTI0N




NAME OF CHEM:O-DICHLOROEENZENE

FUGACITY CAF.CONST.

Z1= 4.03620964E-04
12= .38B4746711
I13= 5.49417401E-07
24= 1.23424794
1S= 769493422
16= 769493422

4, 0NEL0964E - 04
LA107R2700
2L G0BRLTT75E 00
L A784282750
L 221585409

. 221585409

NAME OF CHEM: BROMOBENZENE

FUGACITY CAF.CONST.
Z1= 4.03620964E~-04
22= .08157975463
13= 4,63777738E~03
4= .3Z21965916

5= .1631539513

26= 163159513

Ll AL OEEDOREAE 04
He= J1Q3EQZR287
IO 4 FHGOTEFLE O
4= 397739317

L L NS TTRAT

b= 206784575

NAME OF CHEM: TRICHL.OROBENZENE (1.35)

FUGACITY CAF.CONST.
Z1= 4.03620964E~-04
12= .10913502

3= Z,.25605421E-04
4= 276816279

5= 21827004

6= 21827004

Z1= 4.0Q03620964FE--04

S N P SR TR
In= 8.373584151E~03
JAe UL aAATRTL

185= 1.75167010
AR TR VAN B R

NAME OF CHEM: TRICHLOROBENZENE (124)

FUBACITY CAF.CONGT.
Z1= 4.03620964E-04
/2= 7847929351
I3= 2.90725132E-03
Z4= 2.056281035
I15= 1.56958586
Z6= 1.56958586

22 JENH99E
FALTENNE I I PSS VA S P A
1.6268420073
1.11784904
6= 1.11986904




NAME OF CHEM: TRICHLOROBENZENE (1273)

FUGACITY CAF.CONST.
1= 4. 03620964E-04
I12= 1.10280356
= B, 29022543E-03
Z24= 2.79721375
715= 2.20560713
Ih= 2.20560713

Ll= 4 0Z&HL20964E--04
Lw L REST TR

L= 2.1357566E~-07
LA= 1, 02568607

5= ,737146102%

Lhm  T7ELAE1O0T

NAME OF CHEM:P-BROMOCHLOROBENZENE

FUGACITY CAF.CONST.
Zi= 4,034620964E-04
12= .33793I7I93

13= 2.7769224E-0F
Z4= .997846512

15= .&675874785

726= .675874785

Ll= 4 OREE0PE -y
Z L513078879
s 7UR0&884TE L
14= 1.64139574

L= 1. 026157469
Z6= 1.02615768

NAME OF CHEM:M~BROMOCHLOROBENZENE

FUGACITY CAF.CONST.
Zi= 4.03620964E-04
Z22= .873775851
23= 7. 18005106E-07%
4= 2.58004649
75= 1.7475517
76= 1.7475517

1= 4.03620964E-04
e L BUIGRAYT
7= 7L ADSIA4EAE-QF
[ xf]A BN b, & "7 N '\' : 1._‘ :
75= 1 .O4392994

Zoe 1L DATYRTH4A

NAME OF CHEM:DfERDMDCHLDROBENZENE
FUBACITY CAP.CDNST;

Z1= 4,03620964E-04
72= 1.33175982

73= .0109434285
4= 3.,93236121

I15= 2.66351964

16= 2.66351964

ALOTE e e g
L 28B576219
R 2 DTN Tt SO DTNt O D

Z4= .868107404
s H7LIBR4TEY
16= .571152439




‘NAME OF CHEM: IODOBENZENE

FUGACITY CAPR.CONST.
1= 4.03620964E~04
2= .485813385
3= .0117814019
Z4= 1.68731812
15= .971626769
26= 971626769

21= 4,034620964E-04
L2= .8 14a7ER0E

3= .0101372174
74H 27 EES9E4AT

5= 1.76294661

Tos 1.76294661

NAME OF CHEM: TETRACHLOROBENZENE (1245)

FUGACITY CAP.CONST.
Z1= 4.03620964E~04
22= 1.88681497
13= 2.24107715E-03
24= 4.16827927
15= 3.77362994
Z6= F.77362994

4L OEAR209E4E 04
= 1.67402204
L ALTRTITEDAE i
4.09465715
S E4804409
b= T HARDAA409

B B

NN N M

Py
N

~ P
NN

NAME OF CHEM: TETRACHLORORENZENE (1255

FUGACITY CAF.CONST.
Z1= 4,03620964E-04
2= 1.16628354
3= 5.77472944E—D4
4= 2.2596003%9
L= 2.3??”6709
26= 2,33256709

L1= 4,03 &vaﬁqr

v

NAME OF CHEM:P-DIBROMOBENZENE

FUGACITY CAF. CONST.

1= 4, UJ630964E -04
2= BE7965934
13= 3.96235933E-03
4= 2.27747626
15= 1.67593187
Z4= 1.67593187

i6= .7h111267




NAME OF CHEM:M-DIBROMOBENZENE

FUGACITY CAF.CONST.
1= 4.03620964E 04
12= 2.9243455

I3= .013827898%
Z4= 7.94796921

715= 5.84869099

16= 5.8486469099

Z1= 4.03620964E-04
Zew 138655971
IZ= 9.72828685E-03
Z4= 7,99712678
IS5= 2.77311942
Lbw= 2,77311947

NAME OF CHEM:0-DIBROMOBENZENE

FUGACITY CAP.CONST.
71i= 4.03620964E-04
2= 2.56795926

13= 01°14271

14= LGT79E603E8

5= 5.13891851

76= 5.13591851

71 4L QREROVGAE- 04
= 681812227

24= 1.8u466”76
75 L. 26362440
76= 1.36T62446

NAME OF CHEM:FP-CHLOROI

FUGACTTY CAP.CONST.
1= 4.03620964E-04
2= 2.35908667
= 9.94194578E~Q3
= 6.30189832
= 4.71817334
= 4,71817334

ODOBENZENE

Jie 9L LR0RGET
715= 6. 942067972
7he &, FAR0ET I

NAME OF CHEM: M~CHL.OROI

FUBACITY CAF.CONST.

71= 4.03620964E-04
2= 3.9745052

7%= ,0167498365
74= 10.6172141

75= 7.94901056

Z6= 7.94901056

ODORENZENE

; qLTmETOFaAT -0
70s 552081751
Johe 0141162100
74= 9,3I3Z2H52996
78w 7L, 04163502
76= 7.04183502




NAME OF CHEM:O~CHLDRDIDDDBENZENE

FUGACITY CAF.CONST.
L1= 4.0324620964E~04
2= 5.07166589
L3= (0213736222
Z4= 13.5480918
3= 10.14733318
Z6= 10.1433318

71= 4.0X82094641-04

L3 1.7E9 7604
I13= 4. .766F608IE-03
L= 4 3RA29070

7185= 3.45951207

Léw 5, 40951207

NAME OF CHEM:PENTACHLOROBENZENE

FUGACITY CAF.CONST.
Z1= 4, 03620964E~04
I2= 1.93732284
Ii= 46.94911488E-04
Z4= 3.357626336
19= 3.874464568
Z6= 3.87464568

Ll A DEGRGREAL 04
22= 357221007
TN NS SR TN SRR

£ ;.

I4= &.9106786
Se S. 74442010,
16= 6£.744420086

NAME OF CHEM: P-BROMOTIODOBENZENE

FUGACITY CAF.CONST.

Z1= 4.07620964E-04

1= 4.074620964E-04
AR ST B A

12= 9,22853391 3= 0180035414
ZI3= Q223800065 SA L e

Z4= 22.6913434 7S5= 14, 6374995

725= 18.4570678 P e

6= 18.4570678

NAME OF CHEM:HEXACHLOROBENZENE

FUGACITY CAF.CONST.

___________________ . LT R T e el
Z1= 4,03620964E-04 Ldm 8LOuRheY 7

Z2= 17.0816274 S T

13= &.26984406E-03
Z4= 31.6414764
715= 34.1632548
Z6= 34.1632548

Z4s 15.1629579

EAY {70171 590
L L7 OL7 10590




NAME DF CHEM: TRIBROMOBENZENE (135)

FUGACITY CAF.CONST.
= 4,0L620964E-04
= Q3.7660271

3= .0105141219

4= 145,386142

9= 187.532054

b= 187.532054

1M =

_’.
i

1= 4,03620964E-04
22 13000667
I13= .019227278
4= 29.677669
15= 26.0067334
6= 26.00673354

NAME OF CHEM: TRIBROMOBENZENE (124)

FUGACITY CAF.CONST.

Z1= 4.03620964E~-04
I12= 244,517361

3= .0274180898
4= 379.129166

15= 489.034722

Z6= 489.034722

Zi= 4, 0EER0FH4E-D4
12= 7.6B575716
z

L= G 75ET00T7E-0G
4= 16.8673397
1B 15, 3715143

6= 1353.3271314%

NAME OF CHEM:P-DIIODOBENZENE

FUGACITY CAF.CONST.
Z1l= 4.03620964E-04
22= 47.5389325

3= 0603030014
Z4= 106. 115035

715= 95.077865
26= 95.077865

Il A4, 0E20754E-04
12= 43.6114449

Ll L ORGEEDG410
4= Q0.1 i

PRI A

16= 87.207

NAME OF CHEM:M-DIIODOBENZENE

FUGBACITY CAF.CONST.
Z1= 4.07%620964E~04
12= 27.9256262
Z3= 0355410631
14= &Z.3347777
75= 55.8912523

26= 55.8512523

Tle 4 OGS4 O /]
/’ ‘.‘,: : 4 PR [

%= JOR48359748
LAz L G

5= g8.0847405

Sh HBL QLA 08




NAME OF CHEM:0-DIIODORENZENE

FUGACITY CAF.CONST.
LZ1= 4.03620964E~-04
2= 47.73957624

3= .0594452131
Z4= 106.32047

15= 95.5913248

6= 935.5915248

Z1=
YL
13=
4=
75=

4.03620964E-04
20. 0907455
-0108177547
9. 4059585
40.1814911

40. 1814911




U= Y, Y = O\ R

10.
11.
12.
13,
14,

15.
l6.
17.
18.
19.

21.

22.
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