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ABSTRACT

The semiempirical gquantum chemical method CNDO/2 was
proposed to calculate the reactivity indices, atomic
superdelocalizability, bond reactivity, total bond orders, r-bond
order and bond overlap population. The atomic superde-
localizability was defined to include the total electron density
(w- and o-electrons). The bond reactivity was defined to include
the total bond overlap density. The w-bond order was calculated
using atomic orbital with r-symmetry. Test calculatiox;g%yere’
performed to establish correlations between our reactivity
parameters and those which are based on the HMO method. A
computer program was developed for practical implementation of
the reactivity parameters. The proposed approach is applicable
for studying the reactivity of a wide range of molecules, i.e.,
planar, non-planar, conjugated, non-conjugated, etc.

In this study, geometry optimization was performed for all
molecules before the actual computation of the reactivity
paramreters. Parameters of reactivity for the optimum structure
of 22 hydrocarbons have been calculated using CNDO/2 method
within the framework of the proposed approach. This resulted in
a good description of reactivity parameters. The result of the
superdelocalizability indices calculation indicates that
carcinogenicity of the molecules is related to the K-region
superdelocalizability index < =-10.70 (1/a.u.) and L-region

superdelocalizability > -10.98 (1/a.u.). The carcinogenic

- R
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molecules are found to have K-region w-bond order = 0.80, K-
region bond overlap population > 1.026, and K-region bond
reactivity < -1.123.

Correlations are demonstrated relating the calculated
indices with the indices obtained using other methods. The
correlation of the calculated indices with carcinogenic activity

is also shown. All correlation coefficients are found to be

significant at 5% level.



1.0. INTRODUCTION

The main objective for undertaking this study was to develop
an all-valence quantum chemical method for screening carcino-
genic polycyclic hydrocarbons. Many polycyclic hydrocarbons
exhibit high toxicity and are implicated as carcinogens.

The majority of human cancer is generally considered to be
traceable, either directly or indirectly, to extrinsic causes and
is therefore, at least in theory, preventable'. In fact, there
is good reason to believe that a large proportion of human cancer
may be attributed to environmental carcinogens, the majority of
these being chemicals. Most of the recognized carcinogens or
carcinogen precursors consist of polycyclic aromatics, aromatic
amines and azo dyes, biological alkylating agents, or
antibiotics?®.

Avoiding cancer risk from these sources requires
identification of those chemicals that are potential initiators
of carcinogenesis. Extensive experimental testing of potentially
active chemicals may be necessary. Traditionally, such
identification requires life-time feeding studies in various
animal models. As a result, it is both expensive and time
consuming. Accordingly, a great deal of effort is being invested
in research (experimental and theoretical) for faster and more
economical methods of identification of these potentially
hazardous materials.

The discovery that certain aromatic polycyclic hydrocarbons
can induce cancerous dgrowth was perhaps one of the most

unexpected observation made in the field of the correlation of



2

molecular structure and biological activity’. After a large
number of compounds were tested, it was postulated that
geometrical features of aromatic carcinogens could be factors in
carcinogenicity*®., 1In addition, suggestions that metabolism of
carcinogens was a probable first step in carcinogenesis® caused
attention to be drawn to chemical reactions of aromatic
hydrocarbons. Following this idea, attempts to develop a
parallelism between the chemical reactivity in vitro and
carcinogenicity have been pursued’°.

Schmidt*** and Svarthola™ were the first to try to establish
a relationship between the electronic distribution of conjugated
molecules and their carcinogenic strength. Both deduced that
certain regions of aromatic hydrocarbons have high electron
densities and the compounds should therefore be most susceptible
to electrophilic reactions at those positions. Svartholm’* showed
that reactivity could be associated with the phenanthrenic site,
i.e., the exposed corner on a phenanthrene segment, and with the
mesoanthracenic site, i.e., the two central atoms in an
anthracene segment. These regions were later termed as the K-
and L-regions, respectively. Figure 1 illustrates the location
of these regions in benz[a]anthracene.

bay~-region

Fig. 1. K-, L-, and bay regions in benz[a]anthracene.
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The first complete development of a theory of carcinogene-
sis is due to A. Pullman'® and was developed into a more extended
theory along with B. Pullman'®*. For a long time, this theory
dominated the quantum chemical approach to understanding the
carcinogenicity of PAHs. 1In this theory, it is demonstrated that
a correlation exists between an aromatic molecule’s carcin-
ogenicity and a quantum chemical parameter of the K- and L-
regions. Further, it is shown that the critical cancer-inducing
reaction takes place at a bond of the K-region type, and
reactions at L-region do not induce cancer, i.e., these reactions
bypass the development of cancer.

Electronic indices for the wm-electrons of K- and L-regions,
calculated mostly by the highly empirical Hickel Molecular
Orbital (HMO) method, were then correlated with experimental
parameters. The K- and L-region indices are computed from the #-
electron energy changes resulting from an imagined electro-philic
reaction at the K- and the L-region. But, no simple index was
found to be sufficient to relate the relative chemical reactivity
of the two regions, and a composite index of bond localization
energy (BLE), para localization enerqgy (PLE), and carbon atom
localization energy (CLE) was used. Each localiza-tion energy is
the difference in w-electronic energy of the fragments remaining
after a bond, two para carbon atoms, or a single carbon atom are
removed, respectively. The localization energies are expressed
in terms of the usual Hickel resonance integral, B. The larger
a particular 1localization energy, the 1less reactive that

particular region or atom will be.
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The K-region index put forward by A. Pullman'® is
calculated as follows:
(1) Computed the pi-energy lost when the K-region bond is
isolated from the remainder of the PAH, i.e., the
bond localization energy, (BLE).
(ii) Compute the energies lost when each atom of the K-
region is separated from the molecule, i.e., the
carbon atom localization energy, (CLE).
(iii) Pick the smaller of the two energies from (ii) and
add it to the energy from (i), [BLE + CLE(min)].
This gives the value of the K-region index. The
larger this number, the less reactive the K-region
bond is.
Carcinogenicity requires an I, value of 3.318 or less. The L-
region index is calculated in a similar manner except that now
the para localization energy is calculate instead of the BLE.
Carcinogenicity requires an I, value of 5.66B or greater. That
is, an aromatic hydrocarbon will be carcinogenic if:
(i) [BLE + CLE(Min) Jx-regiea$ 3.318
(ii) [BLE + CLE(min) Ji-region> 5.668
Mainster and Memory'’ proposed a related but computationally
more convenient index which is obtained using HMO theory. The
proposed indices are based upon the use of superdelocalizability
(SD) to estimate relative chemical reactivity. ©Using the HMO
method, the SD of a particular atom is described by the following
formula,

8, 0w 3B BAr; (1.1)
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where c,, is the coefficient of A™ atomic x orbital in the j* MO,
and A, is the coefficient in the equation E; = a + A48 for which
E, is the energy of the j* MO, and a and B are Coulomb and
resonance integrals, respectively.

The proposed reactivity indices'’ for the K- and L-regions,
I, and I,, are the sum of the superdelocalizabilities of the two
atoms which respectively compose the K- and L-regions of a
molecule, i.e. if A and B are atomic sites which compose the K-
region and C and D are the atomic sties that compose the L-region
then I, = S, + S,, and I, = S. + S,. By means of these indices, a
reformulated criterion for chemical carcinogenicity was
determined. For an aromatic hydrocarbon to be carcinogenic: (i)
it must possess a K-region which is more reactive than

2:05(1/B);

(ii) if the molecule also possesses an L-region, this

region must be less reactive than 2.30(1/B).

Duke and his coworkers'® used the K-region w-bond overlap
population index for the chemical reactivity of the region. This
was obtained by the simulated ab initio molecular orbital (SAMO)*®
method, which closely approximates the results of complete ab
initio MO method. The SAMO method entails transfer-ring ab
initio Hartree-Fock matrix elements from calculations on small
but similarly patterned molecules, thereby avoiding calculation
and repeated use of extremely long lists of two-electron
repulsion integrals. The basis set consisted of three sp”® hybrid
orbitals, one 2p, orbital, and 1s core orbital for each trigonal

planar carbon. Four sp’ hybrids plus a 1ls orbital were used for
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tetrahedral carbons, and a single 1ls orbital was used at each
hydrogen. The results obtained by this method indicate that
the carcinogenicity of the aromatic hydrocarbons is related to K-
region x-bond overlap population greater than 0.340, but there is
no correlation with the o-bond overlap population.

These chemical positions (K- and L-region) were suggested at
a time when very little was known about what actually occurs
between the exposure of an organism to a PAH and the occurrence

of cancer. Since then, much progress has been made™.

Later, a different picture, known as the "bay-reg eory
emerged®-**, As Figure 1 indicates, a bay-region is the inner or
unexposed corner in a phenanthrene segment. One of the end rings
in the phenanthrene segment must also be a terminal ring in the
parent PAH. Benzo[a]pyrene has been the most thoroughly studied
molecule, and the sequence of enzyme-assisted chemical

transformations thought to lead to the induction of tumorigenesis

is shown in Figure 2.

€3 o

4°))

(R )




———>» Reacts with DNA or RNA

OH 3

Fig. 2. Benzo[a]pyrene forms in succession (a) an epoxide

(b) a dihydrodiol (c) ("proximate carcinogen'), a dihydrodiol-
epoxide (d) ("ultimate carcinogen & _triol car-
bocation intermediate which (e) reacts with DNA o : .

Recognition of the diol-epoxide (d) of benzo[a]pyrene as the
"ultimate carcinogen"™ of this PAH provided important direction
for understanding the wide range of tumour initiating activity of
different PAH. In particular, Jerina and co-workers?‘** have
shown that a correlation exists between observed PAH carcinogeni-
city and computed ease of going from the diol-epoxide (d) to the
triol carbocation form (e).

Berger and co-workers® suggested that the formation of the
dihydrodiol (c) (Fig. 2) causes the nearby 9,10-region bond to
become highly activated, thereby preparing it for epoxidation.
Reactivity at this latter bond was represented using SD indices
of the type employed by Mainster and Memory'’. They designated
this index as I,., the subscript B referring to the bond adjacent
to the bay-region with the prime indicating the dihydrodiol
intermediate. It is to be noted that from the simple w-electron
molecular orbital theory viewpoint the structure of the initial

epoxide and the corresponding dihydrodiol are equivalent.
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In the following chapter, a brief description of the basis
of reactivity theories is given. 1In chapter 3, the methods of
molecular orbital theory are introduced and illustrated in some
detail and concerned with semiempirical methods. 1In Chap. 4,
the computational details involoved in this work are discussed.
Chap. 5 contains the results and discussion, whereas Chap., 6 the
conclusion. At the end of this thesis the general references is

given.



2.0. CHEMICAL REACTIVITY
2.1. REACTIVITY THEORIES:

In the theory of absolute reaction rates®, the rate, v, of
a reaction of the type A + B - C + D is given by

v = k,[A][B] (2.1)
k. is the forward specific rate constant given by

ke = x(kT)/h exp(-AG'/RT) (2.2)
where k is Boltzmann’s constant, x is a transmission coefficient,
h is Planck’s constant, R is the molar gas constant, T is the
temperatufe, and AG’ is the difference in freeﬂmvb:t\;een the
transition state and the reactants, all referring to their
standard states. Rycranag® B} -“in"" eqy. (2.1) are the
concentrations of reactants A and B, respectively. The
transition state is the most unstable configuration through which
the molecules of reactants must pass on their way to becoming
products (Fig. 3). Thus, at a given temperature, the free energy
of activation, AG’, determines indirectly the rate of a reaction®,
v, through egn. (2.2). For an irreversible reaction AG’ is given
by:

-RTlogk, = AG’ (2.3)
The accurate calculation of a free energy change AG is clearly
impossible, for, since G = U - TS + PV, AG includes an entropy
change, (and hence requires detailed knowledge of vibrational
partition functions etc.), as well as the energy of all the
electrons, together with solvent interactions etc. In many
cases, however, we study not absolute reaction rates but the rate

of one reaction relative to that of another rather similar
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reaction. If we are prepared to assume that similar changes of
entropy, solvation energy, etc. occur, then the difference
between the free-energy changes, AG for one reaction and AG®° for
a ’standard’ reaction, may be assumed to arise principally from
the difference between AU and AU®°. Since AU is simply the total
electronic energy change AE (i.e. the relevant part of the
internal energy change) for one mole we may then write, for a
typical irreversible reaction,

-RTlog(k/k,) = AE - AE° (2.4)
For conjugated systems it is usual (when comparing similar
conjugated systems in a given type of reaction) to assume that
the change in the o-electron change is the same in both systems,
and as a result the difference AE - AE, arises from the
difference of w-electron energy changes.

The wm-energy variation, as a given substituent approaches
two alternative reaction sites can be represented, by the two

curves in Fig. 3.

Transition state region
‘ 1

i
|
|
|
i
|
E
T
|

|
Reaction path —>

Fig. 3. Variation of r-electron energy for two substitution
positions.
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The aim of all theoretical discussions of aromatic
substitution is to estimate the forms of the reaction path for
alternative positions of substitution. There are two main
approaches, depending on whether we look at the initial parts
of the curves (the ’‘isolated molecule approximation’) or at the
transition state region (the ’localization approximation’), and
in both approaches we shall find that the energy changes are
related to the charges and bond orders.

2.2. THE LOCALIZATION APPROXIMATION

In this approach, one assumes that activation energies can
be compared by considering an intermediate or "activated" state
complex to transition state. For aromatic substitution reactions
which proceed by attack at one atom, the most widely adopted
model of the transition state is that due to Wheland®**. The
substitution proceeds through the three proposed stages indicated
& Al o oo (RS The conformation (b), in which both X and H are
attached (roughly tetrahedrally) to the carbon atom, represents
the hypothetical ‘’transition state’ from which the systenm

proceeds spontaneously to (c).

[/ =/

(c)

Fig. 4. Wheland’s model of a substitution reaction: (a) approach
of substituent X; (b) roughly tetrahedral transition state; (c)
expulsion of hydrogen.

X may be a radical or an ion, but in any case the carbon is
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removed from the conjugation and 0, 1, or 2 ws-electrons go into
the localized C-X bond. When the same substitution occurs at
different positions the changes in o-electron energy are assumed
to be similar (involving similar local changes in the molecular
framework), but the changes in wx-electron energy may be very
different, depending on the shape and size of the conjugated
system. 1In such cases, therefore, the interpretation of each AE
in egn. (2.4) as a change of s7-electron energy is reasonable; the
other terms cancel.
-In order to achieverthis”arrangenent; it is evident that
three energy changes are needed:
(1) Energy would be required to change carbon-atom r
from a trigonal state to tetrahedral one.

(2) Energy would be required to establish a C,-X bond.

(3) Some m-electron energy would have been lost as a result
of what might be called a limited = "volume", AE,,
which is the extent of the network available to the 7-
electrons.

The first two of the above are not expected to vary very
much, either from molecule to molecule, indeed from atom to atom
within any one given molecule. If, therefore, (1) and (2) are
assumed to be constant, then the activation energy AE may then be
written in the form

AE = C + AE, (2.5)
where C is a constant which arises as a result of the assumption
made to the energies in step (1) and (2) above.

For a given type of substitution reaction, the activation
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energy, AE’, and the rate of reaction will be determined by
differences in AE,. This was proposed by Wheland as a react-ivity
index which has since become known as a localization energy?*.
The energy of reaction, AE, is usually calculated by the HMO
method by taking the difference in w-electron binding energies,

and appear as multiple of the parameter B, i.e.,

AE! - Ev(micual molecule) Et(ortclul molecule) ¢ (2‘6)

For example, benzene has HMO w-energy of 6a + 88B.
Localization of an electron pair at position 1 leaves a
pentadienyl cation whose HMO w-energy is 4a + 5.;;48. .Aé, =
5.464 - 8 = -2.5368. And in the case of semiempirical SCF
methods (CNDO/2) the energies are calculated unambiguously, in
a.u., electron volt or kilocalorie/mole, and allowance is made
for the changes in geometry on passing from the neutral
hydrocarbon to the corresponding ion.

The 1localization energy method is equally useful for
reactions other than substitution reactions such as relatively

complicated addition reactions. The best example is the Diels-

Alder addition, Fig. 5.

‘OOE} tosEme

Fig. 5. Diels Alder addition on anthracene.
Brown?’” pointed out that the energy difference between the

initial and transition state should then be treated as the
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difference in w-electron energy between the parent aromatic
hydrocarbon and aromatic or pair of aromatic hydrocarbons,
obtained by removing the two carbon atoms at which addition takes
place. This energy difference is called the para-localization
energy, L,,.

In a similar fashion, ortho localization energies® or bond
localization energies have been defined for reactions such as the
addition of osmium tetroxide to aromatics, leading to the
formation of dihydrodiols.

. fg ARy
2.3. ISOLATED MOLECULES APPROXIMATION**

In isolated molecules approximation the model of the
transition state is generally one in which the aromatic x-system
is perturbed to a relatively small degree by the attacking
reagent. The tendency for reaction to occur at different centres
is determined by one of the several indices defined in terms of
the MO’s of the isolated hydrocarbon. One of these indices is
atomic superdelocalizability, which was derived by Fukui and his
co-workers®. As a reagent approaches a conjugated molecule, it
can be considered to cause a perturbation. In addition to a large
"first-order" perturbation energy ( which will include the o-
energy change), there is a stabilizing "second-order" energy
resulting from the modification by the perturbation of the ground
state wave function of the molecule, which becomes "mixed" with
excited states. The largest contribution to the second-order
perturbation energy is obtained by mixing ﬁhe ground state wave

function with the lowest possible lying excited state, usually
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that which involves the lowest antibonding ¥ orbital e.., (for
closed-shell even molecule). The mixing will be greatest, and
hence the total activation energy lowest (1) for those molecules
for which the "excitation energy"™ to ¢,., is smallest; (2) if the
orbital ¢,., "offers"™ a large amplitude at the location of the
perturbing reagent.

In the localization energy theory hyperconjugation between
the pseudo-r-orbital XH (Fig. 6) and the carbon x-orbtials on the
ring is neglected But, this hyperconjugation is found to be
inportant in decroasing the activation enerqy" The &ﬁnpoading -
stabilization energy can be measured as reactivity index, the

"superdelocalizability" S, as follows.

Fig. 6. Pseudo-x orbital in the o complex.

Let a, be the Coulomb integral for the pseduo-¥ orbital which
can hyperconjugate with the system, and y the resonance integral
for the interaction of this orbital with the adjacent gtomic
orbital ¢,. The total x-electron energy change of the conjugated
molecule caused by the presence of the additional orbital®

AE = v(a@, - @) = £,.,™(v, = v)cu’A*/(a ~ Ey), (2.7)
where v, is the occupation number of the orbital %, ( of orbital
energy E,) and v is the number of electrons "localized"™ on XH (0
for and electrophilic reagent, 1 for radical reagent, 2 for a
nucleophilic reagent). The quantity c, is the A™ AO coefficient
in ¢s. The energy change (2.7) is chosen as measure of the

activation energy in the reaction, and only the negative second-
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order term varies if we consider a single type of reagent acting
on different molecules. The reactivity is then measured by the
coefficients of A? in (2.7), and, furthermore, a, is assumed to be
equal to a, a rather drastic assumption. For an even hydrocarbon
with occupied, levels 1, 2, ..., m and unoccupied levels m + 1,
..., 2m, the superdelocalizabilities for the different type of

reaction are then

S‘eloctxoptulic = 2}:,-‘- c‘,2/l" (2.8)
SR = Bl fdndt Ssana Bl firda), (2.9)
S, e i 221—-&’ Cu‘/ (‘lj) B "f‘ﬂ“#ﬁ?’-o’

where A, is the coefficient in the equation €¢; = a + 4,8, €, is the
energy of the j*™ molecular orbital, and ¢ and B are coulomb and
resonance integrals, respectively. (The larger the magnitude of
S., the easier the reaction.)

Under this approximation, the other reactivity index is the
w-bond reactivity which is obtained by the following expression:**

R = 37 pan'(k)/€(Kk) (2.11)
where p,s(k) is the m-bond overlap density between atoms A and B
in kK™ molecular orbital, given by

Pan {K) = CuaCxs (2.12)
and €(k) is the total energy of MO k in units of a.u. or eV.
Where a.u. is the atomic unit of energy (called Hartree or
Rydberg, Ry). Cu and Cxs in egn. (2.9) are the coefficients of

atomic w-orbitals of A and B in the k™ MO, respectively.
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3.0. MOLECULAR ORBITAL THEORY

The main objective of any theory of molecular structure is

to provide some insight into the various physical laws governing
the chemical constitution of molecules in terms of some
fundamental universal physical laws governing the motions and the
interaction of the constituents.
Let us recall the most important features of molecular quantum
theory which are assumed to be known. Molecules consist of
electrons and nuclei which are considered as points. Electrons
and nuclei are characterized by their mass, charge and intrinsic
angular momentum, the spin. The charges give rise to the Coulomb
potential which is the only primary interaction considered in the
theory of isolated molecules. The electronic charge is -e, the
charge of a nucleus with atomic number Z is +Ze. The spin of an
electron may be t}%/2 corresponding to the ™"spin up®™ and "spin
down" states, a and 8, respectively.

The physical state of a molecule is represented by the wave
function, @&(x,t), which depends on the spatial and spin
coordinates of all particles and on the time (t). The space of
all coordinates (dynamic variables) is called configuration
space, a point in this space is denoted by x. The wave
function, &, has some special mathematical properties which are
characteristic of the elements of an (abstract) Hilbert Space.
This is space of the square-~integrable functions, for which the
integral [#'#dx is finite. In addition, it is assumed that ¢ is
differentiable and reqular. The above conditions are valid only
for bound states.
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Physical quantities are represented by Hermitian operators
over the Hilbert space. Expectation values of a given physical
quantities corresponding to operator A, are given by the
expression,

<A> = [¢°Asdx/[e°8dx = <®|A|@>/<e| > (3.1)
The operator of the energy is called the Hamiltonian. By
neglecting the weak magnetic interactions (spin-spin,
spin-orbit), one obtains the non-relativistic molecular
Hamiltonian, ¥, which has the simple form analogous to that in
classical mechanics,

H= f + G (3.2)
where T is the sum of the kinetic energy operators of all
particles and v is the potential energy operator. For an

isolated molecule we can write in the wusual coordinate

representation

V = 5,a00Q/|F: ~ Ty (3.3)
and

T = -%?/2(2.9./m,) (3.4)

where Q, is the charge of particle; i, r,, and r, are the position
vectors of particles i and k, respectively; m, is the mass of
particle i, and V,* is the Laplace operator corresponding to the
coordinates of particle i. In the presence of an external field
the operator V in egqn. (3.3) has to be modified appropriately.
The time evaluation of the state is given by the Schrddinger
equation,

Hé = -inde/at. (3.5)
Stationary states of the molecules, #,, can be obtained from the
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time-independent Schrédinger equation,
He = E.&, (3.6)

The n™ eigenvalue of H, E, is the energy of the molecule in the

th

n*" eigenstate.

The Schrodinger equation, egn. (3.6), for a molecule
consisting of n electrons and N nuclei interacting with each
other is written as

W1 e an i3 i kBIN X ys o0 BELynoo, ) =

BYC(3: . sallid renisl) EDaa?A)
where ¥ is the complete wave function of all particles and E is
the total energy of the molecule; 1,2,...N and 1,2,...,n are
spatial coordinates of the nuclei and electrons, respectively,
H=<*! is the sum of the kinetic energy operators for the nuclei
and for the electrons together with the potential energy terms
representing the various Columbic interactions. These are
repulsive for electron-electron and nucleus-nucleus pairs, but
attractive between electron-nucleus pairs. For such molecules,
the total molecular Hamiltonian operator H™**' is

22 (1 vy Nl srennn ) & oD /788 °5:" MV e BhanetBlar s 0o

h?/8am’S,"V,? - I,5,e°Z,r,, + Z,..e°Tp " (3.8)
Here M, is the mass of nucleus A; m and e are the electronic mass
and charge, respectively; Z,e is the charge on nucleus A; and ry,
is the distance between particles i and j. Summations involving
indices A and B are over nuclei and those involving p and g are
over electrons. Since each particle is described by three
cartesian coordinates, egqn. (3.7) will be a differential equation

in 3N + 3n variables.
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The full Schrédinger equation for any molecular system will
have an infinite number of solutions, only certain ones of which
are acceptable. In quantum chemistry we are mostly interested in
solving egn. (3.6). The solutions in this case can be made
unique (up to an irrelevant phase factor) by the following
boundary and normalization conditions:

Y.(tw) = 0 (3.92)

<Y |¥> = [P (x)¥.(x)dx = 1 (3.9b)
This means that the wave function must vanish asymptotically
with increasing (at least one) of the spatial variablesf%ﬁﬁ%ﬁ%fﬂﬂ“
(3.9a) is consistent with the probability interpretation. The
fulfilment of egn. (3.9b) is necessary to ensure square
integrability of ¥,.

In practice, rather than attempting to find a wave function
describing both electronic and nuclear motion together, it is
usually sufficient to break the problem into two parts and
consider first the motion of electrons in the field of stationary
nuclei. There is then a separate, purely electronic problem for
each set of nuclear positions. This is a reasonable procedure
because the masses of the nuclei are several thousands times
larger than the masses of the electrons. The nuclei move much
more slowly, and we may reasonably suppose the electrons to
adjust themselves to new nuclear positions so rapidly that at any
one instant their motion is just as it would be if the nuclei
were at rest at the positions they occupy at the same instant.
This simplification is referred to as the Born- Oppenheimer

approximation®’. In more quantitative terms, the Born-Oppenheimer
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approximation amounts to separating the nuclear K.E. and nuclear
repulsion terms from X**!, and considering only the part of the
Hamiltonian which depends on the positions but not the momenta of
the nuclei. This is the electronic Hamiltonian operator H%,

H" = -h’/8xw’LV,? - 5,5e’Z,r,," + I,.e’r, . (3.10)
The electronic Hamiltonian may be used in the modified
Schrddinger equation,

(1,2,...,n)7(1,2,...,n) = €¥(1,2,...,N) (3.11)
the solutions of which are purely electronic wave function ™,
describing the motion of the electrons in the field of fixed
nuclei. Under the Born-Oppenheimer approximation the total
energy E of the system of a given internuclear distance is given
as

E= €+ 2,202,220 (32220}
where € is the electronic energy and the second term is the
electrostatic internuclear repulsion energy. Molecular orbital
theory is concerned with electronic wave functions only, and
henceforth the superscript el on the Hamiltonian operator and
wave function is dropped without ambiguity. Equation (3.11) is
a fundamental equation of quantum chemistry and various
approaches that are used to solve it led to the emergence of an
immense variety of quantum chemical methods.

In dealing with the equations of qguantum mechanics, it is
convenient to introduce new units which are appropriate to atomic
dimensions and which eliminate some of the constants, e,m, and %
(the charge and mass of electron, and Planck’s constant divided

by 2x, respectively) from the wave function. These are called
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atomic units (a.u.). By an appropriate choice of the units of
physical quantities one can make the values of the above

quantities equal to unity, e = 1, m = 1 and %

1. By this
choice the unit of length is the so called Bohr radius (or Bohr),
denoted by a,: a, = W /me’ = 0.529107 x 107*cm while the
atomic unit of energy (called Hartree or Rydberg, Ry) is €, =
e’/a, = 4.3598 x 107'*J. The atomic unit of mass is the electron
mass, m = 9.0191 x 10**g. The atomic unit of electronic charge
is the protonic charge, e = 4.80298 x 10 *°esu.

The electronic Hamiltonian operator of eqn. (3.10) reduces
in a.u. to

Himo-DbAaV ert BB Zitnyd 1 iBiaTis {%:13)
The use of a.u. has two advantages. First the expression becomes
simpler. Secondly, if the results of calculations are expressed
in a.u. units, then they are independent of the actual values of
these universal constants which are determined experimentally and
may be changed occasionally when the measurement techniques
become more precise. For this reason, we shall use these units
here unless otherwise specified.

There are two general approaches to obtain approximate
solutions of egqn. (3.11). The first approach is known as orbital
approximation which attempts to construct a satisfactory
approximate molecular (many electron) wave function from a
combination of functions each dependent upon the coordinates of
one electron only. For an n-electron system, the simplest way to
do this is to associate the n-electrons with n one-electron wave

functions ¢,,¢.,...,¢. and write the total wave function
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¥(1,2,...,n) as a product of the one-electron wave functions,

$(1,2...,n) = 9,(1)9a(2)...9.(n) (3.14)
where ¢, is a one-electron wave function and is called an orbital.
The total electronic wave function of the products of one-
electron wave functions as such is known as a Hartree product™.

In this approach, it is assumed that the motion of a single
electron is governed by the average field created by the nuclei
and the other electrons. Thus, for each electron it is possible
to write a one-electron Schrddinger equation as:

[=1/2W, 42,8,7." + Biy)F1st]0: = €0 (3.15)
where r,, is average interelectronic distance between i and j, and
¢, is the one-electron wave function for electron i.

Although an orbital as such gives a complete specification
of the spatial distribution on an electron, it is still in-
complete in that it does not specify the state of electron spin.
Thus, the complete wave function for a single electron is a pro-
duct of a spatial function and a spin function, ¢;{r)n({), called
a spin orbital. A given spatial orbital ¢, may be associated with
an a or B spin function, giving rise to the two spin orbitals
o:(r)a(l) and B({), where { is spin coordinate. A product wave
function including electron spin is obtained directly as a
Hartree product of spin orbitals:

¥(1,2,...,n) = 9,(1)a(1)9.(2)B(2)...¢a(n)B(N) (3.16)
and often written in the contracted notation

¥(1,2,...,n) = 9;(1)9.(2) .. .@ns(n-1)9n(n) (3.17)
where 1 signifies the appropriate spatial and spin coordinates of

electron 1, etc., unbarred orbitals ¢, have a spin functions, and
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barred orbitals ¢, have B spin functions (defined as +1/2 in units
of h, respectively).

Further, the electronic wave function must satisfy the anti-
symmetry condition. The anti-symmetry principle states that the
electronic wave function (spin orbital) must be anti-symmetric
with respect to mutual permutation of a pair of electrons
(interchange of their spatial and spin coordinates) in accordance
with Pauli Principle.

For the n-electron system instead of a simple Hartree
product @.,¢:,...,9. one should have the following determinant:

e:(l)a(l) ¢:(1)B(1) wa(1l)a(l) ... @.(1)B(1)
0.(2)a(2) 9.(2)8(2) w.(2)a(2) ... ¢.(2)B(2)

¢. = 1//n! 4 (3.18)
-;ﬂ(n-l)a(n-l). g . @aa(n=1)B(n-1)
¢.(n)a(n) . . . ¥.(n)B(n)

where the factor 1//n! arises from normalization. The above

determinantal wave functions are called Slater-determinants™.

Equation. (3.18) is often written in short-hand notation as

¢, = 1//n! |0.90.08:...9.0.] (3.19)
where the spin components a and B are defined as * 1/2 in units
of %, respectively and ¢ = pa and ¢ = 8.

Slater determinants give only the means to express the total
wave function as a product of spin orbitals. To obtain the best
approximate solution of egn. (3.11) by this method, variational
principle is used. The variational principle is based on the
variational theorem which states that the average energy, E, of
a system calculated using a well-behaved trial wave function, ¥,

is always greater than or equal to the true energy E, obtained
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from exact the wave function ¥,.

Mathematically, for an arbitrary function ¥, the variational
theorem is expressed as

E= <Y H¥/<¥ ¥ > E (3.20)
where equality holds when the trial function is the same as the
exact wave function (ground state). A very common use of the
variation method is with a linear combination of fixed functions
Cis Paso o o

$0C,, €5, are e ) (= CsP;: 1 FiCMNE, VLS (3.21)
The given functions ¢, are often referred to as a basis or basis
functions. If the basis functions are linearly independent
(i.e., if none can be written as a linear combination of the
others), the variational method then 1leads to a set of
approximate energies and wave functions.

The second approach, most rewarding to date, is to seek
combinations of atomic orbitals which will be good approxima-
tions of the molecular orbitals of the system, the simplest
being a simple sum with appropriate linear weighting
coefficients. Considering a set of atomic functions ¢, p = 1,
2, . . ., associated with the various atoms of the molecule, one
can try to represent any particular molecular orbital ¥, as

P = Cs + CyPs + CyyPsi+ 51 . (3.22)
where the c, are numerical coefficients which may be of either
sign and may be real or complex numbers. This type of expansion
is known as a linear combination of atomic orbitals®, LCAO.
Expansions of the LCAO type thus provide a mathematical frame-

work for detailed calculations, with the actual computation of
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the molecular wave function for the system reduced to the deter-
mination of the linear expansion coefficients, c,,, for each of
the orbitals.

Intuitively, the nature of chemical problems makes it
profitable to relate MOs to the corresponding AOs of the
constituent atoms. However, to carry out such MO calculations,
a convenient analytical form for the A0 of each type of atom in
the molecule is required. The solutions of the Schrodinger

equation for one-electron atomic systems can be written in the

form®® RN £
¥(r,8,9) = Rau(r)Y..(8,v) (3.23)
with
10,1, 5%, ,0n~1 (3.24a)
'm| <1 (3.24b)

where r,8 and ¢ are the spherical polar coordinates centred on
the atom. The angular parts Y,.(8,p) are the well-known spheri-
cal harmonic, defined as

Y..(8,9) = 0..(8)%.(9). (3.25) The
radial part of the atomic functions R, (r) are polynomials in the
radial distance r multiplied by decaying exponent e*, where { is
the orbital exponent.

Some general aspects of the orbital description of
electronic structure have been considered above. Following a
more detailed discussion of the actual calculation of orbitals
for many electron system.

The variational approach to approximate solution of the

Schrddinger equation involves working with the energy expectation
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lue <Y|¥|¥>, and for algebraic manipulation it is necessary to
ve a convenient expression for this quantity in terms of the
bitals involved. Generalizing egn. (3.19) to a closed shell
rm with 2n electrons, the orbital wave function may be written
the form

$. = 1//2n! [9,,90:,905,:++,0m (3.26)
he orbitals ¢, may be considered orthonormal without loss of
}encnlity, i.e.,
Si3 = feu(1)py(1)dr, = &, (3.27)
Now we proceed to the evaluation of the energy expectation

Lalue <¥|H|¥>, where ¥ is a determinantal wave function. The

Hamiltonian operator may be separated into two parts,

=9+ % (3.28)
where

H, = 5, H"(p) (3.29)
with

(D)o ==1 72V = Dbz (3.30)
and

W, = 3,1, (3.31)

The quantity ¥ is the one-electron Hamiltonian corresponding
to motion of an electron in the field of the bare nuclei, the
charge of nucleus A being Z,.
Substituting egn. (3.28) into the energy expectation value
allows separation of the €* into one- and two-electron parts,
<Y | H|¥> = <Y|H,|¥> + <¥|H,| "> (3.32)
which are conveniently treated separately. For the one-electron

part, using egn. (3.29),
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<¥[H|¥> = T,<¥|H"(p)|¥>. (3.33)

Now since electrons are indistinguishable and are treated on
an equal footing in ¥, the expectation value of H™™(p) must be
the same for all 2n values of p. Thus, we need only to consider
H>***(1), noting that

<¥|H,|¥> = 2n<¥|H=="(1)]|¥>. (3.34)
After substituting the full expansion for Y and performing a
series of calculations the final result becomes

<¥|H,|¥> = 25", K, (3.35)
where ¥,, is the expectation value of the one-electron core
Hamiltonian corresponding to the molecular orbital

Hs = <9 (1) [H"| 9, (1)> (3.36)
The factor two in egn. (3.35) corresponds to the fact that there
are two electrons in each MO ..

The expectation value of the two-electron Hamiltonian, H, can
be evaluated in a similar manner. Here if electrons are assigned
to two different spatial MO’s, %, and %,, both may have a and B
spin and there will be four conditions each equal to 1/2J,y, where

Ty = [[95(1)95°(2)1/T08: (1) ¥5(2)dr.dr; (3.37)
this being a six-dimensional integral over space coordinates
only. If electrons 1 and 2 are assigned to the same MO ¥, they
must have opposite spins and there are only two terms 1/2J;,. The
total contribution is thus

2Z,34.1yJyy + BTy (3.38)

If 1 and 2 are assigned to the different spatial orbitals ¥,

and ¥,, there are two terms equal to -1/2K,y, where

Kiy = [/9:°(1)95°(2)1/T.95(1) #:(2)dr.drT, (3.39)
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If electrons 1 and 2 are assigned to the same spatial orbital,
they must have different spin and the corresponding integral
vanishes by integration over spin coordinates.

By collecting terms, the final expression for the electronic
energy is

€ = 23,°H,, + "0y + £,"5,0.4,(27, - K,,). (3.40)
Alternatively, noting that K, = J,,, this may be rearranged into
the more compact form

€ = 2Z,°N, + "5 (234, - Ky). (3.41)
This important formula has reduced the many electron integration
to the set of three- and six-dimensional integrals ¥, J,, and K.
J;; and K,; are known as Coulomb and exchange integrals,
respectively.

It is useful to define a set of one-electron orbital
energies ¢,,

€ = X, + I,°(23,, - Ky). (3.42)
This is essentially the energy of an electron in ¥, interacting
with the core and the other 2n-1 electrons. With the assumption
that there is no reorganization of the other 2n-1 electrons on
ionization, =€, may be associated with the ionization potential
of an electron in ;. This is sometimes referred to as a
Koopmans®’, or vertical, ionization potential. Using the orbital
energies, the total electronic energy can then be written in the
useful alternative forms

€ = 2%,%¢; = 3Z,"Z4"(2J,4 - Kyy) (3.43)
or

€ =Zi(€, +"41)' (3.44)
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It should be noted that the total electronic energy € is not
equal to the sum of the one-electron energies. This is because
the sum of one-electron energies includes each electron-electron
interaction twice (the repulsion between 1 and 2 contributes to
the one-electron energies associated with both electrons). The
second term in eqgn. (3.43) corrects for this. Having established
the proper form for the many-electron wave function for closed
shells as a single determinant of spin orbitals and developed a
convenient expression for the electronic energy, the details of.
the actual determination of the spatial orbitals ¢, for a closed
shell system will be discussed next. If no restriction (other
than orthonormality) is imposed on these functions (i.e., if they
are completely flexible functions of the coordinates of one
electron), then we can deduce differential equations for the
optimum forms of the molecular orbitals by using the variatiocnal
method. These differential equations were first derived by Fock®*
based on earlier work by Hartree®®, and are now generally known as
the Hartree-Fock equations.

According to the variation principle, if we adjust an
approximate many-electron wave function such as egn. (3.26) to
lower the energy, then the accurate solution of the many-electron
wave equation will be approached. The best molecular orbitals,
therefore, are obtained by varying all the contribut-ing one-
electron “functions ¢,, ¥., ... %, in the determinant until the
energy achieves its minimum value. This will not, of course,
give the correct many-electron ¥ for a closed-shell system, but

rather the closest possible approach in the form of a single
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determinant of orbitals. Such orbitals are known as self-
consistent, or Hartree-Fock, molecular orbitals. Thus the
central mathematical problem is the determination of the orbi-
tals giving a stationary value of <¥|/H|¥>, with ¥ being a many
electron orbital wave function. In addition, the constraint that
the orbitals remain orthonormal, that is, egn. (3.27) should be
satisfied throughout. If this stationary point does in fact
correspond to the energy minimum, the corresponding wave function
Y is the self-consistent solution for the electronic ground
state.

Constrained variational problems of this type are handled
mathematically by the calculus of variations, using the method of
undetermined multipliers. This 1leads directly to the
differential equations

[H°"* + 2,(205 - K;]@s = Z4€14905 i ks €o. e BEanlieds)
These are n one-electron wave equations for the orbitals ¢,, ¢.,

., ©.. The quantity in square brackets is known as the Fock
Hamiltonian operator F, and the wave equations may be written in
the form

Fo, = Z4€.494 =l waich 45 s (3.46)
Here F may be considered an effective one-electron Hamiltonian
for the electron in the molecular environment, and its various
terms have a simple physical interpretation. X is the one-
electron Hamiltonian for an electron moving in the field of bare
nuclei. J, (=K,) is the potential due to the other electron
occupying the same molecular orbital ¢,. Similarly 2J,, where j

is not equal to i, is the average electrostatic potential of the
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two electrons in the orbital ¢,. The exchange potential K, is
somewhat more complicated, but it arises from the effect of the
anti-symmetry of the total wave function on the correlation
between electrons of parallel spin. The differential equation of
egn. (3.46) differs from ordinary one-electron wave equations in
that they each have a whole set of constants €,y on the right-hand
side instead of a single eigenvalue, and this arises because the
solutions to the set of the wave equations are not unique.

It is desirable to remove this indeterminacy from the
problem and to fix the molecular orbitals uniquely. Since the ¢,,
form a Hermitian matrix, there exists a unitary transforma-tion
of the form ¢;’= Z,T:;p,, which will bring the matrix of Lagrangian
mnultipliers to diagonal form, that is, all €;; = 0 unless i = j.
Applying the transformation to the orbitals, the differential
equations are brought into the form analogous to a standard
eigenvalue equation

Fo, = €,p; i A N (3.47)

These are commonly known as Hartree-Fock equations and
state that the best molecular orbitals are all eigenfunctions of
the Hartree-Fock Hamiltonian operator F, which in turn is defined
in terms of these orbitals through the Coulomb and exchange
operators J; and Kj. The
general expression for the eigenvalues of the Hartree-Fock
Hamiltonian operator is

€, = H,™™ + Z4(2J, - Ky) (3.48)
which are just those quantities associated with the energy of an

electron in orbital ¢, and are thus known as orbital energies.
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Although optimum molecular orbitals may be defined as
solutions of a set of coupled non-linear differential equations,
(for molecular system of any size) direct solution of these
equations is impractical and more approximate methods are
required. The most rewarding approach to date has been to
approximate Hartree-Fock orbitals with linear combination of
atomic orbitals (LCAO). This method has the further advantage
that it aids the interpretability of the results, since the
nature of chemical problems frequently involv;c relafinq
properties of molecules to those of the constituent atoms.

In this approach, each molecular orbital is considered in
the form

¥ = IZ,C.u0, (3.49)
where the ¢, are real functions. This form is used within the
determinantal wave function, egn. (3.18). Again, it is required
that the orbitals %, form an orthonormal set, and for this to be
possible it is necessary that the number of AOs in the basis is
greater than or equal to the number of occupied molecular orbi-
tals. The requirement that the molecular orbitals be orthonor-
mal in the LCAO approximation demands that

20.CuiC, 1Sy, = Syt (3.50)
where §,, is the Kronecker delta and S, is the overlap integral
for atomic functions @, and ¢,,

Sw = [0u(1)e.(1)d7,. (3.51)

Molecular orbitals may be obtained to essentially any
accuracy desired by appropriate adjustment of the number of basis

functions employed in the LCAO expansion. Here we distinguish
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ree types of basis sets commonly encountered: (1) minimal basis

ts, comprising of those atomic orbitals up to and including the
rbitals of the valence shell of each atom of the system; (2)
xtended basis sets, amounting to a minimal basis set plus any
umber of atomic orbitals lying outside the valence shell for
ach atom; (3) valence basis sets, comprising just those orbitals
f the valence shell of each atom in the system. For example, the
alence basis set for the NaH molecule would be 2s, 2p,, 2p,, and
2p, sodium atomic functions plus the hydrogen 1s function. Adding

the 1s sodium orbital brings the valence basis set to a minimal

basis set. Adding 3s, 3p, 34, . . . functions on sodium and 2s,
2p, 3s, . . . functions to hydrogen would give an extended basis
set.

At this point it is useful to write down the expression for
the electron charge density in the LCAO approximation. The
charge density p at position R is obtained by working out the
expectation value of the charge density operator e(R), i.e.,

p(R) = <Y/ B(R)|¥> = 2Z,"79,*(R)¥.(R) (3.52)
Using eqgn. (3.49),

p(R) = Z.P.w.(R)¥,(R) (3.53)
where

P., = E,°°C".Cyy (3.54)
The integral p(R) over all R should be equivalent to the total
number of electrons in the system, LB .5

2n = [p(R) dR = 2. P.[e.(R)¢, (R)AR = I, P.S.. (3.55)
By means of egn. (3.55), the electronic charge distribution may

be decomposed into contributions associated with the various
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basis functions of the LCA0 expansion. This provides a
convenient interpretation of the wave function in terms of
constituent atoms and their orbitals. A quantity P,.S,.. may be
considered the electronic population of the atomic overlap
distribution ¢.9,, and the diagonal terms such as P_S. may be
associated with the net electronic charges residing in orbital ..
An indication of contributions to chemical binding is given by
off-diagonal terms P,S,, with g, and ¢, centred on different atoms.
The matrix element P, is thus known as the densiéy matrix.

The total electronic energy can also be written in terms of
integrals over atomic orbitals if we substitute the linear
expansion of egn. (3.49) in the molecular orbital integrals.
Thus

He = E..chuca i, (3.56)
where H,, is the matrix of the core Hamiltonian with respect to
atomic orbitals

K., = fo. (1)K, (1) ar, (3.57)
similarly we may write

Tis = Deave CuiC'14C,1CH<hV|AO> (3.58)

Kisi» S C*iC" 1 1€, iCus<pA | VO> (3.59)
where <uv|Ac> is the general two-electron interaction integral
over atomic orbitals,

<pv|Ag> = ffeu(1)0.(1)1/T:40.(2)9.(2) dr.dr,. (3.60)
This six-dimensional integral gives the Coulomb interaction
between two local product densities @.p, and 9.

If these expressions are substituted in egqn. (3.41) for the

total electronic energy, we obtain
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€ = DLPK. + 172 B, PLPL[<uv|Ao> = 1/2<ud|vo>. (3.61)

The next important step is to find the optimum values of the
coefficients <. leading to a set of SC LCAO or LCAO-SCFP MOs.
Using the criterion of lowest calculated total energy, such
orbitals will be the best for any particular set of basis
functions ¢,. This can be carried out by similar methods to the
Hartree-Fock procedure. As a result, we have the equations

(¥, - 6:8,.)c,, = 0 (3.62)
where the elements of the matrix representation of the Hartree-
Fock Hamiltonian operator ¥ are

Fo, = {,, + T,P,,<uv|Ao> = 1/2<pd|vo>. (3.63)
It is seen that the equations of the LCAO SCF MOs, egn. (3.63)
differs from the HF equations in that they are algebraic equa-
tions rather than differential equations. They were originally
set forth independently by Hall®®, and by Roothaan, and are now
generally known as the Roothaan equations.

The Roothaan equations for the LCAC-SCF coefficients are
cubic since the Fock matrix F,, is itself a quadratic function of
c,u. This is the mathematical consequence of the fact that the
potential experienced by one electron will depend on the number
and distribution of other electrons in the system. As a result,
the equations have to be solved by an iterative procedure.

Up to this point molecular orbital theory from an ab ipnitio
view point has been considered, with the calculation of a wave
function involving the evaluation of a number of integrals
followed by an algebraic self consistent procedure. A more
approximate method which avoids the evaluation of many difficult



. integrals and which makes some use of experimental data in

selecting values of others shall be seen next. Approximate
molecular orbital theories are by nature semiempirical, in that
one no longer attempts to derive molecular properties directly

from the principles of quantum mechanics, but rather seeks to

interpret correlations within experimental data.

3.1. SEMIEMPIRICAL METHODS

Computer time and storage requirements of ab initio
procedures make computations on large molecules prohibitive.
Computation on larger systems are possible but very expensive.
The other important factor is the speed of the computer, but
since the computational time increases with the fourth power of
the number of basis orbitals, if the speed increases by as much
as an order of magnitude, this allows only the treatment of a
roughly two times larger molecule.

Thus, many molecules of chemical and biological interest are
not appropriate for ab initio computations. This makes it
necessary that new approximations be incorporated which allow to
reduce the computer time by several orders of magnitude. Such
approximations concern the neglect of overlap between some AOs,
the neglect of certain types of one- and two-electron integrals,
approximate evaluation of integrals, and the restriction that
only certain groups of electrons (valence or v-type) be treated
explicitly. These approximations could easily destroy the

reliability of the procedures, since they are, from the numerical

point of view, rather crude or sometimes even quite unrealistic.
’
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Within the given approximation scheme, however, some quantities

appear which can be estimated by making use of experimental data.

For example, one-centre integrals in the diagonal elements of the

core Hamiltonian can be treated as the atomic ionization

potential, which can be taken from experiment instead of being
computed analytically (section 3.3.1). In this manner the
computational work decreases further, and what is much more
important, the incorporation of empirical data may compensate for
some of the errors due to the crude approximations. Such
procedures are called semiempirical. A semiempirical calculation
presupposes the specification of the empirical parameters as
well. The parameters can be taken not only from experiments but
also from some model calculations on other (e.g. smaller)
molecules. It has been observed that some semiempirical
methods, despite the inherent rough approxima-tions, work
unexpectedly well, providing sometimes finer results than ab
initio procedures using small basis sets®.

Semiempirical quantum chemical methods have a wide range of
chemical problems. They have been used to provide a potential
tool for learning about drug-receptor site interactions, such as
the energetics of the reactions, conformations and charge
distributions necessary for maximum interaction, molecular sites
of reactivity, and mechanism of reactions itself*°.

Oone of the useful applications of the methods is in the
study of activity-structure relationship™. It has provided
insight into the close relationship between carcinogenicity and

electronic structure (electronic energy, bond order, charge
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density, etc.), and has also made possible prediction of

carcinogenicity of aromatic compounds .

In most cases, semiempirical quantum chemical calculations
have been used to generate reactivity indices for polycyclic
aromatic hydrocarbons (PAH) or related molecules and correlations

have been sought between these indices and carcinogenicity.

3.2. THE ZERO DIFFERENTIAL OVERLAP APPROXIMATION (ZDO) *

Before reviewing a specific semiempirical method, it is
worthwhile to discuss a special feature of many semiempirical
procedures.

The most difficult and time-consuming part of LCAO-SCF MO
calculations is the evaluation and handling of a large number of
electron repulsion integrals. It is known that many of these
electron repulsion integrals have values near zero, especially
those involving the overlap distribution ¢,(1)e,(1), with u = v.
Thus, in developing approximate self-consistent field molecular
orbital schemes, a useful approach is the systematic neglect of
electron repulsion integrals having uniformly small values. This
is effected by means of the zero-differential overlap
approximation*'(ZDO).

The scalar product of the atomic orbital ¢.(r) and ¢, (r) is
defined as their overlap integral:

S.. = [eu(r)e,(x)dr = [f,(r)dr (3.64)
where, if p # v, the function f,(r) equal to the product of basis
function ¢.(r)e,(r) is usually called the differential overlap of

the drbiltals i ¢,. If p, and 9, are centred on far-lying
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atoms or they are of quite different orientations in space, in
their differential overlap f,(r) is nearly zero for all r. This
feature is often utilized in semiempirical methods by neglecting
all or most of the integrals where f, (4 # v) is present. If all
such integrals are neglected, we arrive at the so-called ZDO
approximation. The 2DO assumption implies that the overlap
integral matrix, 8, becomes the unitary matrix, as we obtain:

8, = [f.(r) ar = §, (3.65)
where §,, is Kronecker delta.

The 2ZDO approximation represents a drastic simplification.
Not only the orthogonality of the basis orbitals follows immedi-
ately from it, but also most multicentre two-electron integrals

vanish:

I

<uviio> = [ (r)e, (r)ruhe(ra)e.(r:) drdr,

]

[fw (rl)ru-lfx- (r;) dr.dr,

8,8, <UR| vV>. (3.66)

That is, only the one-centre and some two-centre integrals
survive. The two-centre integrals <uu|vv> which are conserved in
the ZDO theory describe the Coulomb repulsion between electrons
on AOs @, and ¢,.

If the 2ZDO approximation is used for all atomic orbital
pairs, the Roothaan equations (3.62) for the LCAO coefficients

for a closed-shell molecule simplify to

T, F,Cu = €1Cu (3.67)

where the elements of the Fock matrix F, are now given by

Fo = H. = 1/2P,<up|pp> + E,Pu<pp|AR> (3.68)
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Fu = X = 1/2P,,<pp|vv> hoe v,

(3.69)

3.3. ALL~VALENCE ELECTRON SCHENMES

The other most important feature of semiempirical methods

ﬁ
. concerns the restriction that only certain groups of electrons

(valence or 7-type) be treated explicitly.

It has been shown that the role of inner shell electrons in
chenmistry is limited*. This feature can be formulated in several
ways. One can say for example that the bonding situatiom in a
molecule can be described merely by appropriate valence shell
hybrids without mixing the core orbitals, or a completely filled
inner shell is chemically rather inactive (gf. chemical
periodicity). The less phenomenological statement is to say that
the core AOs are of very low energy relative to the valence
orbitals, and usual chemical processes can hardly stimulate a
virtual core - valence electronic excitation which would make the
role of core orbitals important. There are, exceptions which the
behaviour of the core electron reflects chemically important
effects (gf. X-ray spectroscopy or ESCA).

A physically acceptable model for most of chemistry arises
if one considers only valence electrons explicitly. In such a
theory the inner shells are considered as rigid (independent of
chemical changes).

Semiempirical methods usually do not include inner shell
orbitals, only valence electrons are treated explicitly,

(Pseudopotentials are often parameterized semiempirically, but
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then the valence shell is treated largely at the ab initio
level). The so-called all-valence electron scheme emerges if one
compresses the core electrons into the nuclei, and works with an
effective core charge of atom A:

Z,° = Z, = 0’ (3.70)
where Z, is the atomic number and n,° is the number of the inner
shell electrons. Accordingly, one deals explicitly only with the
valence orbitals, e.g. with 1s AO for hydrogens and with the 2s,
2p., 2p, and 2p, AOs for the first row atoms.

There are several kinds of semiempirical all-valence
electron methods which are simple enough to be applied to a wide
range of chemical problems without computational effort. One of
the most successful all-valence electron methods is referred to
as Complete Neglect of Differential Overlap, CNDO****. Other all-
valence electron methods are the intermediate neglect of
differential overlap (INDO)** and the neglect of diatomic
differential overlap (NDDO)*'* methods.

The CNDO method is the method that was used in this study.

As a result the method is discussed in brief in the following

section.

3.3.1. COMPLETE NEGLECT OF DIFFERENTIAL OVERLAP (CHMDO)**

The most elementary theory retaining the main features of
electron repulsion is the complete neglect of differential
overlap method (CNDO) introduced by Pople, Santry, and Segal*®.
The method makes a consequent use of the ZDO approximation,

complemented by the assumption that the surviving two-electron
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integrals depend only on the kinds of atoms in question, and are
independent of the azimuthal quantum number of the AOs. For the
main group elements in which all the valence electrons have the
same principal quantum numbers one simply has:
<pp|vVv> = v (7. 7%)

where peA and veB. The use of eqn. (3.71) is necessary for

preserving the rotation and hybridization invariance of the ZDO,
which reguires that the results of the calculations should be

invariant if one performs a unitary transformation mixing basis
orbitals centred on the same atom. The Y.. integrals are
evaluated for s-type Slater orbitals either analytically or by
using some approximate formulae.

Using egn. (3.71), the CNDO expressions for the Fock
Hamiltonian matrix elements given in egns. (3.68) and (3.69)
simplify to

Fo = H, = 1/2P,Yu + ZePasYas . on A (3.72)

and

Il

F.. = X, =1/2P. Y @, on A, ¢, on B. (3.73)

Here symbol Pg, is used for the total electron density associated
with atom B,

P = I,° Py, (3.74)
where the summation is over all atomic orbitals on B.

The next step is to apply a related series of approxima-

tions to the matrix elements H,, of the core Hamiltonian operator,

3.79
fl'{=1/2W-2135 ( )

where -V, is the potential due to the nucleus and inner shells of
B

atom B The diagonal matrix elements M, are conveniently
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separated 1in one- and two-centre contributions

If ¢, is on atom

A, we write

1““ = Uw pe E'(ﬂl) <U-|V.|p.>

where U, is the one-centre term

(3.76)

and is essentially an atomic quantity (the energy of ¢, in the
bare field of the core of its own atom). U, is obtained semi-
empirically from atomic data. The remaining terms in eqn. (3.76)
give the electrostatic interaction of an electron in ¢, with
cores of other atoms B. Its role is to keep valence electrons
from penetrating into the inner shell regions. The
of f-diagonal core matrix elements H,, between different AOs ¢, and
¢, on the same atom A. This may again be separated into two
parts analogously to egn. (3.76),

Hoo = Uy = Zacay <B|Vs|V> @, oOn A (3.78)
where again U,, is the one-electron matrix element using only the
local core Hamiltonian. If ¢., ¢, are functions of the s, p, 4,

. . type, U, is zero by symmetry. On the other hand, if a
hybrid basis is used, this is no longer so. However, we shall
restrict ourselves to s, p, 4, . . . sets. The remaining terms
in egn. (3.78) represents the interaction of the distribution g,
with the cores of other atoms.

In the CNDO method, the two-centre terms <u Viiu> and
3.76) and (3.78) have to be approximated in a

<p|Vs|v> in egns. (

manner which is consistent with the way the two-electron

integrals are treated. Thus, neglect of monatomic differential

overlap @@, (i * v) on atom A means that <u|V,/v> is taken to
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zero. Further, the invariance conditions also require that the

diagonal elements <u|V,|u> are the same for all ¢, on A (for

reasons comparable to those already given for replacing <uu|vv>
by Yws). Consequently, we shall write

< |Va|p> = Vv, (3.79)

where -V,, is the interaction of any valence electron on atom A

with core of atom B. For large internuclear distances R,,, it is

approximately egual to R,.

As a result of these appfoxintions, ve 'have

e =0 = By Va ¥ Oon A (3.80)

K., =0 ¢ * 9, both on A. (3.81)

To complete the specification of the calculation, we need
the off-diagonal core matrix elements ¥,,, where ¢, and ¢, are on
different atoms A and B. Here we do not neglect differential
overlap, since these elements take account of the basic chemical
bonding capacity of the overlap between the orbitals. However,
we may separate the cores of atoms A and B and write

H, = <p|{=-1/2V = V, = V5| v> = Zea,m <BiVc|v> (3.82)
where the second part gives the interaction of the distribution
with the cores of third atom C. These integrals will be
neglected, since they are comparable to three-centre, two-
electron integrals which have already been omitted. The first
part of eqgn. (3.82) then depends only on the local environment

and is a measure of the possible JENeEing:of Lenergy -devels. by-en

electron being in the electrostatic field of two atoms

simultaneously. It is commonly i et Al doa e 407

integral (beta integrals) and denoted by R S
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characteristic of the strength of the binding between orbitals ¢,
and ¢,

In the CNDO method, the resonance integral B, are handled in

a semiempirical manner. However, this has to be done in a manner

which satisfies the required invariance conditions. This will be
done by assuming that B,, is proportional to the overlap integral
H.. = B., = Bu'S,, (3.83)
This assumption is not reasonable since the bonding capacity
of the overlap will increase as the overlap increases. For the
calculations to be invariant under transformations of the atomic
basis sets, it is required that the proportionality factor
pbetween H,, and S,, is the same for all atomic orbitals. This is
necessary since S,, itself transforms correctly. S, is evaluated
over STOs analytically*. (For aforementioned reason, the ZDO
approximation must not be applied here. We shall note once again
that the overlap integrals S,, (i * v) are absent in the formalism
due to the ZDO assumption; they are, however, used to determine
the values of the core parameters .M Using all
these approximations, the matrix elements of the Fock
Hamiltonian reduce to the following simple form (¢. belonging to
atom A and p, to atom B):
Fo = Uy + Pu - 1/2Pu)Yu * Tacery (PaaYas = Vis) (3.84)
Fo, = BwS, - 1/2Puta B V. (3.85)

The off-diagonal expression, edn. (3.85), applies even if ¢, and

0. are' both of the ehne atom A, when S,, = 0 and Y. is replaced by
Yar-e

For the expression given in egn. (3.84) the diagonal matrix
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element can be rearranged in the form

Fuu = U“‘. + (pu ‘1/2?,,“)7“ + 2.‘_‘) [-Q)Yu & (ZlYu _Vu) (3.86)
where Q, is the net charge on atom B

’

Q = %1 = P (3.87)

The two-centre terms in egqn. (3.86) are then easily interpreted.
The term —-Q.Y.» represents the effect of the potential due to the
total charge on atom B (and will vanish if this atom is neutral
in the molecular environment). The quantity Z,y.. - V., represents
the difference between the potentials due to the valence
electrons and core of the neutral atom B, and is termed as
penetration integral®.

Once a set of CNDO coefficients c,,, and a corresponding
density matrix P,, have been obtained, the total energy can be
found from

€= = 1/25, Pu(H, + Fu) + TiaZiZsRa” (3.88)
using appropriate expressions for .. and F,,.

One useful feature of a CNDO calculation is that every term
in the total energy expression is associated with one or two
atoms, so that an energy breakdown into monatomic and diatomic
contributions is possible:

et = 3. + Tiafa (3.89)
The detailed expressions for €, and €, are

€a = Zp' Pl + 1725 8" (PuwP., - 1/2P,%) (3.90)
and

€a ' 28, (2P.B. - 1/2P.. Yas) * LR
- PuVis = PuVu + PuPuaYas) « (3.91)

For large intermolecular separations, the potential integrals V.,
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Vm, and Y all approximate to R,™ so that the last group of terms

in egn. (3.91) becomes Q,Q,R,,*. This shows that the theory takes

proper account of the electrostatic interaction between charged
atoms in a molecule.

Two methods have been described for choosing parameters.
They differ in the way both V,, and U are treated. 1In the
original method*’, which is termed as CNDO/1, V,, and y.. were both
calculated exactly using 2s Slater orbitals; integrals obtained
in this way are close to the average values for 2s, 2p,, 2p,, 2pP.
orbitals. 1In the second approach, CNDO/2* (the most widely used
version of CNDO-type methods), all ™neutral penetration
integrals" are neglected, which is equivalent to setting
Vis = Za¥is in egn. (3.86). Penetration integrals, Z,y. -V, give
rise to calculated bonding energies even when the bond orders
connecting two atoms are zero. The second approach works
considerably better than the first. It should be noted, however,
that the method used to obtain U,, in CNDO/1 may be better than
that later used in CNDO/2. In the original method, the authors
set

Uy = I, = (Z2 = 1)Y¥u- (3.92)

In CNDO/2, I, is replaced by 1/2(I. + A,), so that

U = =172 (L + A) + (-1/2 = Z)Yu L3332

The reasoning, clearly somewhat faulty in the case of CNDO/2, is

based on the assumption that Koopman’s theorem™ should apply to

both the atom and the negative jon as follows:

-I“=U”“+ (ZA it 1)7“ (3.9‘)

.95
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Equation (3.93) is then obtained as the average of the two
formulas above.

Both methods make the extra approximation

B’ SAFATBT (3.96)
where the B°’s are the bonding parameters determined semi-
empirically to give the optimal fit to the results of ab initio
calculations on diatomics. For CNDO/2 these result in the
diagonal element becoming

Fuo = =1/2(L + A) =Qu¥a + (1 = Pu)Ya/2 + Zas Qu¥as- (3.97)

Equation (3'97), has a nice interpretation. The energy of an
electron in atomic orbital @, is equal to the negative of its
Mulliken electronegativity*’, (I + A)/2, corrected for charge
build-up on atom A, Q,y., to which it "belongs," corrected in turn
for the number of electrons in the ¢, orbital itself (1 - P.), and
then corrected by the Madelung terms (Coulomb attractions and
repulsion) located throughout the molecule, QuY.s-

The CNDO/2 method is very simple (it requires computations
proportional to the third power of the number of basis orbitals),
yet accounts for many important tendencies and often leads to
qualitative or semiquantitative agreement with experimental
results for ground state electronic properties such as geometry
and charge distribution.

The higher sensitivity of calculations to a selected system

of atomic parameters caused the development of the whole series

of different parameterizations which differ in the way the atomic

parameters are selected and in the computation of B,,° to correctly

reproduce the definite character of the system under study:
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indin ene s
binding rgy, CNDO/SW*, geometry, CNDO/BW**, and electronic

spectra, CNDO/S*.

3.4. w—ELECTRON MODEL

In certain type of molecules, the valence electrons can be
grouped by distinguishing between o- and w-electrons. As a
matter of fact, in planar unsaturated compounds, the molecular
symmetfy enforces that each canonical MO be either symmetric or
antisymmetric with respect to reflection in the molecular plane.
Consistent with the nomenclature for AOs, the MOs symmetric with
respect to the molecular plane are expanded over symmetric AOs,
and they are said to be o-type MOs while antisymmetric MOs are n-
type orbitals. The wm-type MOs consist of only p. AOs; the mixing
between o- and w-orbitals is symmetry forbidden. The
antisymmetric nature of the m-type MOs means that the n-electrons
have a zero probability density in the molecular plane. This
implies that they are not so strongly bonded to the molecule as
the sigma electrons which have maximum density in the molecular
plane. Thus the w-electrons are most easily excitable in an
unsaturated planar molecule. In such a case, it is a physically
acceptable model to handle only the m-electrons explicitly while
the og-electrons are considered as a rigid core having only an

electrostatic influence on the g-electron system.

3.4.1. THE HGCKEL (HMO) METHOD

Although the calculations involved in the CNDO method are

much simpler than those in the Roothaan method, they still

require the use of computers. In the past, at a time when
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computers were not generally available, it was necessary to use

still simpler and crude treatments if one wished to undertake
numerical calculations for typical organic molecules.

For these reasons most of the quantum chemical work in this
field has been carried out by the Hiickel (HMO) method, introduced
originally by Hickel in 1931*,

The Hickel molecular orbital (HMO) method is certainly the
simplest model: only one orhitq}ﬂggr atom is considered and no
electrostatic interaction is treated explicitly. xfhé~ﬂoci§1'i6i
are expanded in terms of the finite set of available x-AOs
belonging to the atoms, i.e,

¥ = TCuPa (3.98)
where ¢, is the 7-A0 of atom A in the j™ and the summation is over
all available AOs. In
orbital representation, the individual MOs of a molecule are
eigenfunctions of the corresponding one-electron HF operator H;

Hp, = €.¥,.. (3.99)

Instead of solving this equation, the MOs are approximated
by using the variational method, with an LCAO trial eigen-

function. Assuming neglect of differential overlap, the

corresponding variation equations are:

|8 =~ 66, =0 (3.100)

oo T, €.6u,| =0 g B, s v s B (3.101)
where

(3.102)

H. = [ou0.47.
Instead of calculating the integrals,

The diagonal element H., called a Coulomb

in HMO theory they are

treated as parameters.
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integral is supposed to have a value a, characteristic of the A0
¢., which is independent of the rest of the molecule, while the

off-diagonal element H,, written as B.. and called a resonance

integral, is determined by the nature of the chemical bond
between atoms having the orbitals p and v. The B parameter of the
C-C bond can be used as the energy unit.

It is usually assumed that

B,, = 0 unless ¢,,p, are AOs of two atoms
that are first neighbours. (3.103)

The eigenvalues of the Hamiltonian are interpreted as »-
orbital energies. For the ground state of a molecule possessing
2n electrons, the n lowest energy orbitals are all considered to
be occupied by two electrons. Note that the orbitals and orbital
energies are completely determined by the set of parameters a and
8, and do not depend on the actual number of the wm-electrons in
the system. This is, however, far from being true in reality and
is to be considered as a typical limitation of the Hickel model.

The Hiickel total energy is the sum of the energies of all
n-electrons; that is

E = Ty (3.104)
where n, is the occupation number and € is the w-energy of the
kth MO, and given by € = @ +A,8. For closed-shell system, the

total energy obviously reduces to

E = 25,°%,. (3.105)

At the present era of modern computers, much more sophisticated
quantum chemical calculations can be performed, even for quite

large molecules. As a result, the HMO method is not used as it

was used before.
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4.0. COMPUTATIONAL DETAILS

In this chapter, we consider the calculation of the atomic
superdelocalizability, bond reactivity, total bond order, w-bond
order, and bond overlap population by means of the methods
discussed in the preceding chapter. 1In addition, a flow chart

which shows the computational details involved in calculating the

reactivity parameters is given.

4.1. ATOMIC SUPERDELOCALIZABILITY

The HMO definition of atomic superdelocalizability of a
particular atom in a given molecule has the following formula®

Sa = 1280 sty (4.1)
where c;, is the coefficient of A™ atomic sx-orbital in the j™ MO,
A, is the coefficient in the equation E, = a + A8, B, is the
energy of the 3j*" MO, and a and B are Coulomb and resonance
integrals, respectively. S, here is given in units of (1/B).
The atomic 7 superdelocalizability is also defined by

Sio= B2gd (K)Vedk) (4.2)
where gq,"(k) is the m-electron density of atom A in k™ MO and €(k)

is the energy of k™ MO in units of a.u. or eV. The higher the

absolute value of S, the more likely a reaction will occur at atom

A.

In this study we defined atomic superdelocalizability which

differs from the atomic superdelocalizabilities given above. The

atomic superdelocalizability we calculated using the eigen-

vectors and eigenvalues obtained from the CNDO/2 method is given

by the following expression:
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S,/ = I’ da(k)/€(k) 4
shere di(k) is the total electron density of atom A in k® m() ;:,;
¢(k) is the energy of k™ MO in units of a.u. or ev The a.u. is

the atomic unit of energy (Hartree or Rydberg, Ry).

The difference between the atonmic Superdelocalizability we
defined and the atomic superdelocalizability obtained by eqgns.
(4.1) and (4.2) is that in calculating the atomic superde-
localizability we consider the total electron dens1ty by taklng
into account the o-electron and w-electron contribution. In
eqns. (4.1) and (4.2)""‘ only the w-electron density is taken
into account, the role of the o-electrons is neglected. There
are certain molecules for which the o-framework may play the
determining role. As a result we considered the c-electrons in

our calculation.

4.2. BOND REACTIVITY

The m-bond reactivity of a bond petween two atoms A and B is

obtained by the following expression:™

Ras = 5°° pas’ (K)/€(K) (4.4)

where p,.(k) is the w-bond overlap density between atoms A and B

in k* MO, given by
(4.5)

i i of a.u. or ev.
1 energy of kK MO in units

and e(k) is the tota
The c,, and C,, in eqgn. (4.5) are the coefficients of the r-atomic
kB .

i . k™ molecular orbital.
orbitals (p,) of A and B, respectively 1n

he bond reactivity by the follow-

In this work we defined t

ing relation:
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Ris’ = x> Pas(k)/€(k)

' (4.6)
Jhere pas(k) is the total bond overlap density between at
atoms A and

g in k™ MO
pan(K) = CiaCus
(4.7)

d e(k) is the total e 2
and €(K) nergy of k™ MO and is calculated using the

cNDO/2 method. Cu. and Cw in egn. (4.7) are the coefficients of
the atomic orbitals (valence orbitals) of A and B respectivel
’ vely

th
in the k™ molecular orbital. __The bond reactivity we defined

PN A N e

differs from what is used in egn. (4.4) in that wé considered tho
total bond overlap density in calculating the bond reactivity but
eqn. (4.4) takes only x-bond overlap density into account, the o-

pond overlap density is neglected.

4.3. TOTAL BOND ORDER

For a model where the LCAO basis is orthonormalized, i.e. S,

= §,, and only one orbital per atom is considered, the bond order

between atoms A and B is defined by the of f~diagonal element of

the density matrix®

P,s = P,, ; peA, veB. (4.8)

Whenever one considers more than one AO on one atom, the

simple bond order definition, eqn. (4.8) can not be maintained.

For such a case, if the AO basis is orthogonal, Wiberg” proposed

an index characterizing the AB bond order:
(4.9)

WAB = Z““Z"B(p )2
-diagonal element of the de
jcal HF methods work within

. ity matrix.
vhere P, is the off oy

Sophisticated quantum chem

ing) AO pasis sets® In such cases

nonorthogonal (overlapp
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neither the Wiberg indices nor simple bond order, P, can
’ AB serve

55 an appropriate measure of the chemica] bond strength Mayer*

proposed an index characterizing the ap bond order to the general

gpultiorbital and nonorthogonal case. According to Mayer’s

definition the bond order between atoms A and B in a closed-shell

molecule can be calculated as:
bm = zuuzvtb(ps)n-(Ps)vu (‘-10)

e P ls the delmlty P b ¥ EREf - e .
] El.’ . 3 = A
BT SN e

Mayer’s bond order reduces to Wiberg bond order in the special
case of 8, = §,, that is if §, = §,, then b, = "-*%3' our
case, we have used all-valence orbitals for each atom. However,
the basis set is orthonormalized, i.e., S, = §,,. As a result,
we obtain the same value for the two bond orders, i.e., for the
Wiberg and Mayer bond orders. Hence, we calculated only the

Wiberg bond order for our purpose.

4.4. ¥-BOND ORDER (COULSON)**

Whenever one considers one AO on one atom, the simple bond

order definition egn. (4.8) can be used. In Hickel Molecular

Orbital (HMO) method, only one orbital per atom is considered.
The Hickel MOs are expanded in terms of the finite set of
available w-AOs belonging to the atoms, i.e,

(4.11)

¥ = ICPa 11
where ¢, is the #-A0 of afom A and the summation is overa

available AOs.
ethod between two adjacent atoms A

The w-bond order in HMO M '
order) then is given by:

: d
and B (sometimes called the mobile bon
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P’ = 53 NCuC Jomes
Jhere Cu and Cj; are the coefficients of atomic r-orbital (p,) of

atoms A and B, respectively in the j® molecular orbital. o

sariable ny (=0,1 or 2) is the number of electrons in i* Mo.
In our calculations we have considered all valence orbitals

in each atom, e.g. 1s AO for hydrogens and 2s, 2p,, 2p, and 2p, AOs

for the first row atoms. Hence in calculating the s-bond order,

P, we have identified the atomic orbitals with s-symmetry for

s

each carbon atom and used them for calculating the x-bond ofdei‘.

4.5. BOND OVERLAP POPULATION
We used the following expression to calculate the overlap
population*® between orbitals p and v:

P.n”" = P.S (4.13)
e v

where P,, is the off-diagonal density matrix and S,, is the off-

i d
diagonal elements of the overlap matrix. The calculated bon

i indi W the two
overlap population characterize the binding between

orbitals w and v.

s the
The SAMO method mentioned above (Chapter 1) use

overla
Mulliken bond overlap population® to calculate the p

ular orbitals
population between orbitals i and v. Here the molec

i i mbers of hybrid
¥, are expressed as linear combinations of the me

e (4.14)

*1 = Zuclu@“ is then given by the

ion
The Mulliken bond overlap populatl

following relation: (4.15)

B, = 45, CilnS%
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Jhere the sum is over the occupied orbitals and §,, is an element
of the overlap S. = <@lw>.
in order to calculate the reactivity parameters defined

above for a given aromatic hydrocarbon we need to have eigen-
values, eigenvectors, orbital label, S-matrix, and density matrix
of the atoms which compose the system. We should also know the
number of carbon atoms in the compound, and the number of carbon
atoms attached to a given carbon atom in the compound. All these
quantities are determined usiﬁé computer programs.

A flow chart of the programs is given below. The flow chart

is a summary of the computations involved in this work. It shows

the hierarchy of the programs and flow of data among the

programs.
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( STRUCTURAL FORMULA )

A

MMP2 -
Optimize Geometry

f MOPOUT . INP
1A Z-Matrix
}

l

MOPZMT.FOR
Change z-matrix

v

CNINCR.INP

\ changed z-matrix

A

CNINCR.FOR

calculate cartesian C
+

no. and 1abel of

d to a given c

oordinate

No. C atoms &
Cc atom attache

CNINCR.CNN

No. C atoms & no. and lgbel of
c atom attached to 2 qxvenlf//

CNINCR.OTP
Calculated
Cartesian Coordinate

——

e




i 60

I

CNINDO
CNDO/2 calculations

|

r" ' 7

onh valence shell

CNINPRG. SCP
Net atomic population Overlap matrix, density
and so on

vectors, orbital label

matrix eigenvalues, eigen-

5

Calculate

PBIOA.FOR

biological

parameters

A

PBIOA.PRT
calculated biological
parameters

i tivity
Fig. 7. Flow chart for calculating the reac

pa,ranetcts .




61

as shown in the flow chart, ye used the programs cn
INDO,

s MOPZMT.FOR, CNINCR.FOR, and PBIOA.FOR in this k
work. The

:+ative description of th
quallta e function of each
program s

outlined as follows: MMP2 is used for
optimizing the st
ructure

of the molecules studied. It uses the molecular mechani
cs

gethod™ to optimize geometries. The input for this program {
‘ 8
the structure of the molecule for which the geometry is to be
optimized. The structure is drawn on the screen of the computer

T
A

After giving the required command minimization foilm. Here the
program is used not only to give the optimum structure but also
to generate the Z-matrix of the optimized molecule. Z-matrix ‘15
a method of defining a molecule, atom by atom, in terms of bond
lengths, bond angles and dihedral angles®. The output data of

MMP2, that is the Z-matrix of the molecule optimized is stored in

MOPOUT. INP.

The input for the CNINDO program consists of the molecular

charge, molecular multiplicity and definition of the molecular

structure (the type of atom used and their geometrical

positions). The structure is conveniently defined by means of a

Z-matrix®s,
om the MMP2 program is not

As a result, we wrote

btained

The Z-matrix which is obtained fr

compatible with the CNINDO program input.
to change the Z-matrix ©

which is compatible vith
r MOPZMT.FOR is

the program called MOPZMT.FOR

from MMP2 program to another z-matrix

the CNINDO program input. The input data fo
z-matrix

obtained from MOPOUT.INP- The output Of HOPZHT.FOR, the

is stored in

, INDO am
vhich is compatible with the CN e/ il
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CNINCR'INP'

The program CNINCR.FOR calculates the Cartesian coordinates
of each atom in a molecule (geometrical position) from the 2-
gatrix. The program CNINCR.FOR obtains the required input data
.ith the proper formats for identification and comments; the
number of atoms, molecular charge, multiplicity, bond angles,
pond lengths, and dihedral angles (Z-matrix) from the file
CNINCR.INP. The calculated Cartesian coordmates are stored in
CNINCR.OUT. The original CNINCR.FOR program which was written to

calculate the Cartesian coordinate was modified £o @etermine the

nunber of carbon atoms in a given molecule, and assign the number
and label of carbon atoms attached to a given carbon atom in a
molecule being studied. These results are stored in CNINCR.CNN.

The CNINDO program is used for the CNDO/2 calculations. It
calculates the eigenvalues, eigenvectors, density matrix, over-

lap matrix, net atomic population on valence shell and so on.

The required input data is obtained from CNINCR.OUT, i.e., the

Cartesian coordinates of each atom. The output of the CNINDO is

stored in CNINCR.PRT. The CNINDO is modified to store the

calculated S-matrix, orbital label, eigenvalues, eigenvectors,

in CNINPRG.SCP. This values are

and density matrix separately
used to calculate the

arranged in such a way that they can be

program is also modified to identify

reactivity parameters. This
ating the g-bond order.

the orbitals with s-symmetry for calcul
which we wrote is used to calculate |
perdelocalizability, bond ‘

rder, and overlap

The program PBIOA.FOR

the reactivity parameters, the atomic su

; -bond O
reactivity, total bond order of Wiberd, ¥

AR |
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. It takes input data from CNINCR.CNN and CNINPRG.ScP
populacion

and 8

W
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.0, RESULTS AND DISCUSSION

As mentioned in the previous chapter, the reactivity
r para-

soters, the atomic superdelocalizability, and the bong reactivity

are defined to include all valence electrons. mhat is, in
calculating the atomic SD and bond reactivity both the o- and y-
electrons and bonds, respectively, were considered. The w-bond
order is calculated using atomic orbitals with T-symmetry. 1In
the HMO method the atomic superdelocalizability and the bond
reactivity are calculated by considering only the y-electrons and
r-bond, respectively. The s-bond order, in HNO method, is
calculated using p, orbitals. Hence our first task was to
establish a correlation between our reactivity parameters and

those based on the HMO method. To establish the correlation test

calculations were performed.

5.1. TEST CALCULATIONS

As a test of the calculated atomic superdelocalizability,

S/, we calculated and compared the atomic superdelocalizabilities

of benzene, nitrobenzene, phenol, aniline, naphthalene and

phenanthrene.

i nd
First we considered benzene, phenol, aniline a

& lent,
nitrobenzene. In bengene all the carbon atoms are equivalen

nt, the remaining five carbon

5’ = ~5,137. If it has a substitue
o the substituent, two

itoms are no longer equal. With respect t
positions are distin
1 and aniline, respectively, are

rease the electron density of

guishable. The
atho, two meta, and one para

~OH and -NH, groups in pheno
electron donating in nature and inc

By
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zene ring®. This in tur
$ N, causes the redistribution of

tne electron density in the ring which Creates a surplus of
o

electron density in the ortho and para Positions. As a result

tnese positions are more reactive towards electrophilic attack

than the meta position®’,

The absolute value of the calculated atomic Superdelocal -
{zability (egn. 4.1) increases with increasing electron density
if the orbital energy is constant or the difference in the
orbital energy is small. So surplus electron density in the
ortho and para positions (in phenol and aniline) means these
positions have large negative atomic superdelocalizabilities.

The atomic superdelocalizabilities of the two ortho, two
neta and one para positions of phenol are -5.35, =5.06, and
-5.30, respectively and of aniline are -5.55, =5.14, and -5.47,
respectively. This result shows that the ortho and para

positions of phenol and aniline have more electron density than

their meta positions. Hence, as stated above the ortho and para

g . : iti . Whereas
positions are more reactive than their meta positions. Whe

in the case of nitrobenzene, the nitro group being electron

i in its
accepting, pulls the electron cloud from the benzene ring

direction. As a result, the electron density in the benzene ring
Is lower somewhat, especially in the ortho and para positions and
the reactivity with an electrophile decreases at the ortho and
bara positions. The atomic superdelocalizability of the two
ions of nitrobenzene are

rth e para pOSit
ortho, two meta, and one paltd that the absolute

: Note
“4.83, -4.88, and 4.81, respectively: L
3 SR of the ortho a bl
Value of the atomic superdelocallZabllltles
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; xpected that the bond 1
ength decreaseg with i
increasin
g bond

ordex -
ylene (1. 34A), acetylene (1. 2A)
4

In Fig. 7 are
plott
ed bond lengths of eth
ane (1. 54A
),

eth
bu
tadiene (outer bond 1,15)
A

nd inner bond 1.46
3 A) and benzene (1.408) with
calculated pond ord with the ¢
er P,. As expected the bo orresponding
nd length
decreases

yith i ncreasin E 7
i g calculated bond order ( ig 1
«+ 7). The
correlation

coefficient relating the experimental
calculated bond order is -0.988. The bond lenqth vith the
correlation coefficient indicates th negative sign in the
total bond order the lower the bond :;:: :enﬂ the higher the
Sinc - -

A5 : bo;d re:ctuuty is a measure of bond overlap density

5 ’ ts absoill ;
. . lute value increases with increasing bond
L t): if the orbital energy is constant or the

ce in the orbi L
ey orbital energy is small. The bond reactivity
single bond), ethene (double bond) and acetylene

1S

ch
shows that
t as the bond i
ond order 1ncreases the absolute value of the

bond reactivi
ctivi i i
ty increases. This is what is observed in Fig. 8

whiCh is
a
plot of the calculated bond reactivity versus

ca

Ve:ulato:—:d total bond order. Fig. 9, the plot of bond reactivity

. t‘:: Zi::lated +-bond order, again shovs that absolute value

e reactivity increases with increasing x-bond order.

e ion coefficients relating the pond reactivity with
ulated total bond order and w-bond order are 0.988 and

hat the coefficient relating the bond

0.999

s :
espectively. Note t

er than the one relating the

reactivi \
vity with wx-bond order is great
s shows indirectly

pond order- Thi

bong :
reactivity with total
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pat the role played by m-bond is more EhesiERENEUIEES i
i n bond

reactivity-
Figure 10 shows the relation between the two r-bond orde
- n‘

j.e. the ¥-bond order ve calculated and the one calculated by mo

gethod . The two w-bond orders are in strong a
(correlation coefficient = 0.985).

The plot of the calculated overlap population versus the
calculated total bond order and x-bond orders are shown in Fig.
11 and 12, respectively. Generally an increase in the calculated
bond orders result in increase in the calculated overlep
population. The correlation coefficient relating the calculated
pond overlap population to the calculated total bond order and,
to v-bond order are 0.906 and 0.998, respectively. This
relationship shows the contribution of the x-bond in the

calculated overlap population to be higher than the o-bond.
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Relative reactivities (nitrati

. on)*
mple 1 atomic gupeiq:égtl:g?zabilities, g." at:: tc:‘lc:'l::.t::
superdelocali 1tles calculated
mpiraaloctl by HMO method,s, in
pu—"
2 ton 109 Ki/Kenepes® | 82’  (unit of 8, (unit of
of reaction MR B)
02~
L 0.02 -5.329 0.997
% R -0.19 -5.205 0.893
3 -0.71 =5.191 0.860
4 -0.77 -5.294 0.939

* from Ref. 30

Table 2. Calculated bond order .
overlap population (P

r-bond orders (Pu'),
be')’, and bond reactivity

Compound Bond Dis P Pu™
CNDO/2 | HMO®
Ethane c-c 1.06 0.18 0.74
Ethylene | c = ¢ ,.06 | 1.00 | 1.00 z.::
Butadiene| ¢ - ¢ igg g:z g:g 1:11
c =2cC -
Benzene ct330 1.44 0.67 | 0.67.] 0-9°

¢ from Ref. 30
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Next we see the result of the calculation of the reactivity
parameters on the aromatic hydrocarbons studied.

Figure 13 contains the structural formula of the molecules
for which the carcinogenic indices I,’ and I,’, the sum of the
£mperdelocalizabilities of the two atoms which respectively com-
pose the K- and the L-regions of a molecule; the K-region bond
reactivity, total bond order; s-bond order; and overlap

population were determined.
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5.2. SUPERDELOCALIZABILITY INDICES

In Table 3 we have listed values of the calculated carcino-

genic indices Ik’ and I,’ for each of the molecules in Figure 13

in this table, the calculated carcinogenic indices are compared
to the carcinogenic indices derived from the HMO calculations I,
and I.. Ix and I, are the sum of the superdelocalizabilities of
the two atomic sites which respectively compose the K- and L-
regions of a molecule. When A and B are the atomic sites which
compose the K-region then I, =S, + S,, and I, = S. + S,, when C and
D are the atomic sites that compose the L-region. The prime sign
is added on the calculated superdelocalizability index to
distinguish it from the superdelocalizability index obtained by
the HMO method. In Table 3 a parentheses around a pair of
numbers designate a K- or an L-region which is not a true K- or
L-region.

We have seen in general from our test and HMO atomic super-

delocalizability calculations that the larger the absolute value

of the atomic superdelocalizability, the higher the reactivity of

the given site. From this it is clear that the relation, the

larger the absolute value of the Superdelocalizability indices

the more likely a reaction will take place at the given bond,

holds.
s we have studied,

As shown in Table 4, of the 22 molecule

found experimentally to show

only seven molecules are
olecules are molecule,

i ; ivi inogenic m
carcinogenic activity. The carcinog

and XVIII (Fig. 13)- Molecules V,

V, XI, XII, XIII, XV, XVIIL,
y the K-region whereas

1
XI, XV, XVII, and XVIII possess On




79
molecules XII and XIII have both K- and L-regions.
It is recognized that the K-region reactivity is like an
mon® switch; if the K-region is more reactive to a certain limit,
carcinogenicity is favoured. The L-region behaves like an "off"
switch; it prevents carcinogenicity if it becomes too reactive,
regardless of the K-region index. Having this fact i.e., the
criiical cancer-inducing reaction takes place at a bond of the K-
region type, and reactions at L-region bypass the development of
cancer, a criterion for carcinogenicity was stated using the HMO
superdelocalizability indices. The criterfon for an aromatic
hydrocarbon to be carcinogenic using the mlo superdelocal~-
izability indices is stated as follows:
(i) it must possess a K-region which is more reactive than
2,.05(1/8);
(ii) if the molecule also possesses an L-region, this
region must be less reactive than 2.30(1/8),
I1f we apply the criterion stated using the HMO superde-
localizability indices to the molecules studied, we will find

compounds IX, XI, XIII, XVI, and XVII to be carcinogenic. The

exception to the criterion specified using the HNO superde-

localizability are molecules V, IX, XVI and XVIII. They are also

riteria based upon bond and carbon
e V and XVIII which show

exceptions to the ¢
localization energies. Molecul
carcinogenic activity are predicted, according to this criterion,
to be non-carcinogenic. Molecules IX and XVl which are non-=
carcinogenic are predicted to show carcinogenic activities. The

of molecule XVI has been explained by its

exceptional behaviour
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possession of a highly reactive, extended, (pseudo) L~region

%y .
atoms 6 and 127" (Fig. 13). The non-carcinogenicity of molecule

1x is explained by its close relation to the non-carcinogenic
molecule XVI. In molecule IX, atoms 6 and 10 constitute a highly

reactive, extended, (pseudo) L-region in the same fashion as atom

6 and 12 of molecule XVI' (Fig. 13). Molecules V and XVIII are
exceptions to the criterion stated by the HMO superdelocal-~
izability indices and this is assumed to be attributed to the
non-planarity of the molecules'’. The HMO method permits one to
perform caiéﬁiations ;1 plangr conjugated molecules only. By
means of the superdelocalizabilities we calculated, a criterion
for chemical carcinogenicity may be stated in the following way:
(i) The molecule must possess a K-region superdelocaliz-
ability index < -10.70(1/a.u.);
(ii) if the molecule also. poasesses: an L-region, this
region must have superdelocalizsbility inde> 2

-10.98(1/a.u.).

Again we formulated this criterion pasecd on the fact that

the critical cancer-inducing reaction takes place at a bond of

the K-region type, and reactions at L-region bypass the

development of cancer.
Molecules V and XV1 are exceptions to the criteria specified

calculated. They are
using the superdelocalizability indices we

and carbon
also exceptions to the criteria based upon bond

and the superdelocalizability indices

localization energies,

obtained by HMO method.
- to the criteria stated using HMO

The exception of molecule V
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Superdelocalizabilit:y indices was assumed to be attributed to th
O e

-planarity of the molecule?’ g
non-p Y ule”. 1In our calculations there is no

restriction in geometry. That is, we can study planar or non-

planar molecules.  Molecule V which is non-planar was an

exception again to the criteria stated using our super-

delocalizability indices which is obtained using CNDO/2 method.
gence there should be a factor other than the non-planarity for
the molecule to be exception to both criteria.

The exceptional behaviour of molecule XVI, using the HMO SD
indices, has been explained by its possession of ‘a highly
reactive, extended, (pseudo) L-region, atoms 6 and Ie s i¥In our
calculation, molecule XVI is found again to possess a highly
reactive, extended, (pseudo) L-region, atoms 6 (S = -5.603) and
12 (S5, = -5.604).

Molecule XVIII, which is an excepticn o the criterion

stated using the HMO superdelocalizanili’,y indices, 1s not an

exception to the criterion stated by wur superdelozalizability

indices. In this study, the geometry of 211 molecules is

optimized before the actual computation of the reactivity

parameters (section 3.0). Wwith CNDO method, there 1s no

restriction as to geometry of the molecules. That is we can

study, as mentioned above, planar or non-planar molecules. For

. e
this reason the non-planar molecule XVIII 18 not an exception to
ilit
the criterion stated using the calculated superdelocalizabxli Y
iven for the

indices. This observation supports the reason gi

lecule XVIII to the criterion stated

exceptional behaviour of mo

ocalizabil ity indices.

by the HMO superdecl
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Molecule IX which is an exception to the criterion stated
using the HMO superdelocalizability indices, is not an exception
to our criteria.

The relationship between the K- and L-region super-
delocalizability indices obtained by our procedure and the HMO
nethod are shown in Figures 14 and 15, respectively. The Figures
show that the higher the absolute value of our superdelocal-
izability indices the higher the HMO superdelocalizability
indices. The correlation coefficient of the superdelocal-
i,abilities we calculated and the ones obtained by HMO method in

the K-region and L-region are 0.89 and 0.90, respectively.
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and L-regions of aromatic hydro-

(;7:?31.18 calculated by CHEglS (I« and 1,’) in units of
COMPD | K- I’ I, R ’
o =l S W R

I (1=2) 1-10.27 11.67 | (1-4) |-10.27 |1.67 |- c
I (1-2) [-10.49 }1.87 | (1-4) |-10.60 |1.99 | - p
111 (1-2) }-10.5511.99 }19-10 |-11.04 |2.63 |- E
IV 9-10 -10.66 | 1.99 B ks
v 1-2 -10.69 | 1.97 " y
VI 3-4 -10.70 | 2.08 | 9-10 |-11.01 |2.44 |- D
viI | (1-3) |-10.58 {2.08 ] 6-11 " |-12.17 ) s.08}ssn|p
VIIT |1-2 -10.68 | 2.00 - c
IX 1-2 -10.66 | 2.05 - c
X 1-2 -10.32 {1.80 - c
XI 6-7 -10.70 | 2.14 44+ | A
XII 3-4 -10.70 | 2.06 | 9-10 | -10.98 | 2.29 | ++ A
XIII | 3-4 -10.70 | 2.05 | 9-10 |-10.98 | 2.29 |+ A
XIv 3-4 -10.72 | 2.14 | 6-11 |-11.15 | 2.86 | D
Xv 6=-7 -10.73 | 2.17 ++++ | B
XVI 4-5 -10.70 | 2.16 i X
XVII | 6-7 -10.74 | - it (A
XVIII | 7-8 -10.70 | 1.98 + r
XIX 6~7 -10.74 | 2.15 | 5-14 | -11.07 | 2.41 | D
XX (5-6) |-10.69 | 2.03 - =
XXI 6-7 -10.54 | 1.93 |9-10 |-11.00 }12.31 1 E
XXIT | 6-7 ~10.73 | 2.20 |1-4  |-11.12 [2.72 | -

From Ref. 17
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Table 4. Classification codes.

Class Explanation .
[ LR A8 rase o % o e ; = AN - A

A Molecule is active because both K- and ﬂ-mqim obey
the limiting conditions for carcinogenic potency.

B Molecule is active because the K-region obeys
the limiting condition for carcinogenic potency.

€ Molecule is inactive because a K-region suitable for
carcinogenesis is absent.

D Molecule is inactive because an L-region suitable for
carcinogenesis is absent.

E Molecule is inactive because both K- and L-regions are
unsuitable for carcinogenic activity.

F Exceptions to the SD criteria stated using our SD and
that of HMO SD.

X The only exception to the SD criteria not included in

Class F.
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5.3. K-REGION BOND REACTIVITY

The calculated K-region bond reactivities are given in Table
5. The carcinogenic molecules are molecules V, XI, XII, XIII,
XV, XVII, and XVIII. The K-region bond reactivities of these
molecules obtained using eqn. (4.6) are -1.123, ~1.166, =-1.150,
-1.156, -1.153, -1.175, and -1.131, respectively. The results
obtained indicate that the K-region bond reactivit'y of the
carcinogen molecules is less than -1.123. But, careful
exarination of the results shows that some of the non-
carcinogenic coipounds aleo have values less tham =1.123.

In calculating the bond reactivity we considered the total
bond overlap density (o and »). The correlation coefficients
relating R,,’ with the K-region total bond order, and sx-bond order
are 0.80, and 0.99, respectively. The K-region R’ is in better
agreement with the calculated r-bond order than the total bond

order. This shows indirectly the important role of x-bond in the

reactivity of a bond. If we compare the bond reactivity of

ethane and ethylene we will find that the presence of the r-bond

in ethylene (Table 2) increases the reactivity of the molecule.

5.4. K-REGION BOND ORDERS
The calculated total bond orders and the
In addition to this,

e two bonds, are shown.

s-bond orders are

i the o-bond order,
listed in Table 5.

calculated as the difference of th

The w-bond orders of the carcinogenic compounds, i.e. of

and XVIII are 0.80, 0.87,
compound V, XI, XII, XIII, XV, XVII,

respectively. This result

0.85, 0.86, 0.85, 0.88, and 0.82,

| TS
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shows that all the carcinogenic compounds have r-bond orders
greater than or equal to 0.80 , but it is found that some of the
non-carcinogenic compounds have v-bond order greater than 0.80.
For example, molecule XIX has no carcinogenic activity, but it
has a calculated r-bond order in the K-region of 0.87, which
exceeds that of XV, an active carcinogen.

No significant differences in the o-bond orders of the
carcinogenic and non-carcinogenic compounds are observed. This
observation conforms with the result we obtained above (sec.
4.3), that is, “a w-bond is |nportan

it for the reactivity of a
bond.

5.5. K~REGION BOND OVERLAP POPULATION
The result of the K-region bond overlap population calcula-
tion for the molecules studied is shown in Table 5. It is

interesting to note that the K-region overlap population of all

carcinogenic hydrocarbons are found to be greater than or equal

to 1.026. Some of the non-carcinogenic molecules such as XVI
(1.049) and XXII (1.050) have K-region bond overlap populations
As a result not all molecules with a K-

greater than 1.026.

region overlap population exceeding 1.026 are carcinogenic.



Table 5. Calculated K-region SD indi
using HMO (I,)%,
(Pxs"), overlap bond

total bond or
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ces

(Ix"),

SD indices obtained

der (W,), w-bond order

population (P,™),

(Ria), and o-bond order (p,’). pond resctivity

COMPD | K-REG. | I’ I, R, Pum | Wa SO PV

I (1-2) |-10.27 |1.67 |-0.997 | 0.951 |[1.44 | 0.67 | 0.77
II (1-2) -10.60 11.87 {-1.081 |1.000 |1.61 [0.77 |0.84
IIT (1-2) -10.55 [{1.99 | -1.113 |1.019 |1.67 | 0.81 | 0.86
v 9710 1.038 | 1.73 | 0.84 | 0.89
v 1-2 1.026 [ 1.69 | 0.80 o0.89
VI 3-4 -10.70 | 2.08 |[-1.159 | 1.047 [1.76 | 0.86 | 0.90
VII (1-2) |-10.58 | 2.08 |-1.130 {1.029 |1.70 | 0.83 | 0.87
VIII 1-2 -10.68 | 2.00 [-1.126 |[1.028 |1.69 | 0.82 |0.87
IX 1-2 -10.66 | 2.05 | -1.147 {1.039 |1.74 [0.85 | 0.89
X 1-2 -10.32 | 1.80 |-1.018 | 0.974 |1.51 |0.71 | 0.80
XI 6-7 -10.70 | 2.14 | -1.166 [1.051 |1.78 |0.87 |0.91
X1E 3-4 -10.70 | 2.06 | -1.150 |1.041 |1.74 [ 0.85 | 0.89
» G 3-4 -10.70 2. 05ule=T5 156 1.046 1:76 0.86 0.90
XIV 3-4 -10.72 2.8 <, 168 1,052 1.78 0.87 0.91
XV 6-7 -10.73 | 2.17 | -1.153 [1.042 |1.74 | 0.85 | 0.89
XVI 4-5 -10.70 | 2.16 | -1.165 | 1.049 | 1.78 [ 0.87 | 0.91
XVIT 6-7 -10.74 | - -1.175 [ 1.055 | 1.80 | 0.88 [ 0.92
XVIII | 7-8 -10.70 | 1.98 | -1.149 |1.043 [1.74 | 0.85 | 0.89
XIX 6-7 -10.74 | 2.15 |-1.165 [ 1.050 |1.78 [0.87 }0.91
XX 6-7 ~10.69 | 2.03 |-1.149 |1.043 |1.74 | 0.85 ] 0.89
XXT (5-6) |-10.54 |1.93 |-1.102 1.014 | 1.65 | 0.79 | 0.86
XXII 67 —10.73 | 2.20 | -1,172 | 1.054 |1.79 ] 0.88 ] 0.91

£

From Ref.

17
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In Table 6 the K-region bond overlap population calculated
using eqgn. 4.13 for some of the molecules studied are listed

It is compared to the K-region bond overlap population obtained
by the SAMO method (using eqn. 4.15),

As mentioned in the first part of this thesis, the aim of

this study is to develop an all-valence electron semiempirical

qgquantum chemical method for screening carcinogenic aromatic
hydrocarbons. As seen in Table 3 we have seven carcinogenic
compoupés. ‘These are compounds V, XI, XII, XIII, XV, XVII, and
XVIII. Usixfng’:vduz: superdelocalizability indices we found only
five carcinogenic compounds out of the 22 compounds in Fig. 13.
The five carcinogenic compounds are compound XI, XII, XIII, XV,
and XVIII. Only two compounds, V and XVII, out of the 22
compounds do not obey the criteria stated using our super-
delocalizability indices. But, using HMO superdelocalizability
indices we have four exceptions, molecules V, IX, XVI, and XVIII.
Based on this result we can say that our superdelocalizability
indices are better in predicting carcinogenic activity of
aromatic hydrocarbons.

In case of the calculated K-region bond reactivity, total

bond order, r-bond order and bond overlap population, it is found

that the calculated parameters for some of the non-carcinogenic

molecules are in the range of the carcinogenic molecules. As an

i has no carcinogenic
example we can take compound XIv, which

) 1
activity® but has calculated K-region m-bond 0.87, bond overlap

population of 1.052, and pond reactivity of -1.168, which exceed

that of XII, an active carcinogen.
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In general, when we observe the results of all the

calculated parameters, with the exception of the superdelocal-

izability indices, similar predictions are made as S0 b

activities of the molecules. If one examines the values of the

K-region bond reactivity, total bond order, w-bond order, and
bond overlap population listed in Table 4 carefully, one will
find that out of the 22 molecules, 17 are carcinogenic in all
cases. This shows that in determining carcinogenic potency, a
factor other than the K-region total bond order, x-bond order

and/or bong overlap ‘population should be considered.’ In other
words, the K-region bond reactivity, total bond order, w-bond

order, and bond overlap population can not be used as reactivity
parameters in pre-screening aromatic hydrocarbons together or

alone.

5.6. IONIZATION POTENTIAL

In addition to the reactivity parameters, the ionization
potential of some of the molecules studied was also calculated.
The ionization potentials obtained from the energy of the highest

occupied molecular orbital using Koopmans’ theorem”, i.e., the

negative of the orbital energies for occupied HF MOs are to be

interpreted as IPs.

Table 7 shows the calculated ionization potentials (IP)

along with the experimental jonization potential and the ioniza-

tion potential, obtained by SAMO method. The calculated ioniza-=

the experimental, but this to be

tion potentials differ from

expected using the CNDO/2 method. The CNDO/2 is an all-valence
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electron method which involves a number of approximations

(section 3.3.1). However, as the correlation coefficient shows
the ordering within this series is in good agreement (correlation

coefficient = 0.986) with the experimental value. The

correlation coefficient of the SAMO method with the experimental
value is 0.987.

The carcinogenic hydrocarbons for which the ionization
potentials calculated (Table 7) have low ionization potentials
and therefore can be expected to behave as strong electron
donors. This 1is consistent with ~what' 1s" obsefved

experimentally®®-*°.



rable 6. K-region bond overla
molecules calculated

o3

P population of some of the studied
by CNDO/2 and SAMO method.

COMPOUND | P,,”"(SAMO)® | P,,”"(CNDO) | CARCINOGENICITY*
II 1.262 0.951 -

III 1.274 1.000 -

v 1.286 1.038 -

IX 1.286 1.039 -

VI 1.293 1.047 =

X1 1.292 1.051 ++++

XII 1.288 1.041 ++ o bt
X1V ﬂi;;;:7> <#1.052 - *ik-J
XVI 1.292 1.049 =

XVII 1.295 1.055 +4+++

* From Ref. 17

¢ From Ref. 18

Table 7. Ionization potentials (eV) of some of the studied aromatic
hydrocarbons calculated by the CNDO/2 and SAMO methods.

COMPOUND | I,(CNDO)(ev) | I,(SAMO)(ev) | I,(EXP.)(ev)®
I 13.33 9.80 9.25
i1 10.91 7.70 8.15
111 9.48 6.30 Y7
IV 10.62 7.40 7.86
VI 9.60 6.40 7.47
IX 9.49 6.50 7.55
X1 8.93 5.90 7.19
XII 9.66 6.50 7.80
XIV 8u71 5.60 -
XVI 8432 5.50 7.01
XVII 8.72 5.60 w

9 From Ref.

18
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6.0. CONCLUSION

The superdelocalizability indices we calculated have good

correspondence with the experimentally determined carcinogenic

activity of the molecules. The relationship of the superde-

localizability indices we calculated to the experimental

carcinogenic reactivity is better than the superdelocalizability
| indices previously obtained using the HMO method. The method we
used to obtain the superdelocalizability indices has an advantage
over the BMO method. In the method we used, there is no
restriction on the geometry of the moleculs to be studied. One"
can treat any molecule with an optimized geometry irrespective of
its geometry, whether planar or non-planar. Conversely, in HMO
method one can study only wmolecules which are planar and
conjugated.

The HMO atomic superdelocalizability is calculated by taking
only the w-electron density into consideration. Our atomic
superdelocalizability on the other hand 1is calculated by
considering the total electron density (o- and r-electrons). The
consideration of the og-electron density will enable one to study
reactivity of non-conjugated molecules and even molecules without

x-electrons. This is another advantage over the HMO method which

is used to study only conjugated molecules.

The objective of this study was to develop an all-valence

electron semiempirical quantum chemical method for screening

carcinogenic aromatic hydrocarbons. Our results have closely

that the superdelocalizability indices can be used

demonstrated

for studying the carcinogenic activity of aromatic hydrocarbons.
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But, it is difficult to use the calculated K-region bond orders

pond overlap population, and bond reactivity as reactivity index

to differentiate between non-carcinogenic and carcinogenic

molecules. The reason is that the calculated values obtained for
some of the non-carcinogenic compounds are in the range of the
carcinogenic compounds. But, one can use the K-region bond
reactivity, total bond order, w-bond order and bond overlap
population together with other reactivity indices such as the
superdelocalizability indices, because they can give valuable

information as to the reactivity of the given K-region bond.
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