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ABSTRACT 

The 

proposed 

viii 

se.iempirical quantlm 

to calculate the 

cheaical -.ethod CNDO/2 was 

reacti vi ty indices, atoaic 

superdelocalizability, bond reactivity, total bond orders, w-bond 

order and bond overlap population. "ftle atoaic superde­

localizability was defined to include the total electron density 

(w- and a-electrons). The bond reactivity vas defined to include 

the total bond overlap density. 'l1le w-bond order vas calculated 

ua1nq atoaic orbital with .. ~try. ~t calculation. were 

performed to establish correlations between our reactivity 

parameters and those which are based on the HMO method. A 

c omputer program was developed for practical implementation of 

the reactivity parameters. The proposed approach is applicable 

for studying the reactivity of a wide range of mol ecules, i.e., 

planar, non-planar, conjugated, non-conjugated, etc. 

In this study, geometry optimization was performed for all 

mo lecule s before t h e a ctua l computat ion of the react i v i t y 

parameters. 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 

carcinogenici ty of the .alecules ia related to the K-reqion 

superdelocalizability index :s; -10.70 (l/a.u.) and L-reqion 

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



l X 

molecules are found to have K-region ~-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. 
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1 .0. IlITRODOCTIOli 

The main objective for undertaking th i s 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, e1 ther directly or indirectly, to extrinsic causes and 

is therefore, at least in theory, preventablel.. In fact, there 

is good reason to believe that a large proportion of human cancer 

Jaay be attributed to envirorment&l carciDOCJena, the _jority 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 

ant i biotics2
• 

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 tneoretical) for faster and sore 

economical methods of identification of these potentially 

hazardous materials. 

The discovery that certain aromatic polycyclic hydrocarbons 

can induce cancerous growth was perhaps one of the .cst 

unexpected observation made in the field of the correlation of 
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molecular structure and biological acti vi t~ . After a large 

number of compounds were tested, it was postu l ated that 

geoaetrical features of aromatic carcinogens could be factors in 

carcinogenicity··s. In addition, suggestions that aetabolisa of 

carcinogens was a probable first step in carcinogenesis6 caused 

attention to be drawn to chemical reactions of arowatic 

hydrocarbons. Following 

parallel i811 between the 

this idea, attetlpta to develop a 

cheaical reactivity in vitro and 

carcinogenici ty have been pursued'-10. 

SchaidtU
-

U and svarthol .... were the first t:o try to establish 

a relationship between the electronic distribution of conjugated 

mol ecules and thei r carci noge ni c strength. Both deduced that 

c ertain regions of aromatic hydroc arbons have high electron 

densi t ies and the compounds should t he r e fore be most susceptibl e 

t o electrophilic reactions at those positions. SvartholmU showed 

that reactivity could be associated with the phenanthrenic site, 

i .e. , t he exposed corner on a phenanthrene segment, and with the 

mesoanthra c en i c site, i.e., the t wo c entra l a t oms in a n 

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. 

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 15 and was developed into a more extended 

theory along with B. Pullman16
• For a long ti.e, this theory 

dominated the quantum chemical approach to understanding the 

carcinogenicity of PARs. In this theory, it is demonstrated that 

a correlation exists between an aromatic molecule's carcin­

ogenici ty and a quantum chemical paralleter of the K- and L­

regions. Further, it is shown that the critical cancer-inducing 

reaction takes place at a bond of the X-region type, and 

reactions at L-region do not induce cancer, i. e., these reactions 

bypass the development of cancer. 

Electronic indices for the ~-electrons of K- and L-regions, 

calculated mostly by the highly empirical Huckel Molecular 

Orbi tal (HMO) method, were then correlated with experimental 

parameters. The K- and L-region indi c es 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 reactiv ity 

of the two regions, and a composite index of bond localization 

energy (BLE) , para localization energy (PLE) , and carbon atom 

localization energy (CLE) was used. Each localiza-tion energy is 

the difference in ~-electronic energy of the fragments remaining 

after a bond, two para carbon atoms, or a s i ng l e carbon atom are 

removed, re~pectively. The localization energies are expressed 

i n terms of the usual Huckel r esonance integral, B. The larger 

a pa ticular localization energy, the less reactive that 

particular region or atom will be. 
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The K-region index put for-rard by A. Pullman15 is 

calculated as follows: 

(i) computed the pi-energy lost when the K-region bond is 

isolated from the remainder of the PAR, i.e., the 

bond localization energy, (BLE). 

(ii) Compute the energies lost when each atom of the K­

region is separated fro_ the molecule, i.e., the 

carbon ato. localization energy, (CLE). 

(iii) Pick the smaller of the two energies from (ii) and 

add it to the e .nerqy fro. (i), (BLB + CLE(_in)-]. 

This gives the value of the K-region index. The 

larger this number, the less react i ve the K-region 

bond is. 

Carc inogenicity requires an I K va l ue of 3.31B 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. 

Carcinogen i city requires an I L va l ue of 5.66B or greater. That 

is, an a romatic hydrocarbon wi ll be carcinog e ni c if: 

( i) ( BLE + CLE (min) Jx- reqi oD~ 3. 31B 

( ii) (BLE + CLE (min) h-reqiol\~ 5. 66B 

Mainster and Memoryl.? proposed a related but computationally 

more convenient index which is obtained using HMO theory. The 

proposed indices are based upon the use of superdelocalizability 

(SO) to estimate relative chemical reactivity. Using the HMO 

method, the SO of a particular atom is described by the following 

formula, 

(1.1 ) 



5 

where ~ is the coefficient of A~ atomic ~ orbital in the j~ MO, 

and Aj is the coefficient in the equation E j = Q + A,.B for which 

Ej is the energy of the jth MO, and Q and Bare Coulollb and 

resonance integrals, respectively. 

The proposed reactivity indices~7 for the K- and L-regions, 

I~ and I L , are the SUD of the superdelocalizabilities of the two 

atoms which respectively co.pose the J(- and L-reqions of a· 

molecule, Le. if A and B are atomic sites which compose the K­

region and C and 0 are the atomic sties that co.pose the L-region 

then I. - SA + Sa, and IL - Se + So. By aeans of these lDdices, • 

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); 

(i1) if the molecule a l so possesses an L-region, this 

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

Duke and h is coworkersu used the K-region yo-bond overlap 

population index for t he chemical reactivi t y o f the reg i on. This 

was obtained by the simulated ab initio molecular orbital (SAMO) ~9 

method, which closely approximates the results of complete ~ 

initio MO method. The SAMO method entails transfer-ring @ 

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 Sp2 hybrid 

orbitals, one 2Pr orbital, and Is core orbital for each trigonal 

planar carbon. Four Sp3 hybrids plus a Is orbital were used for 
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tetrahedral carbons, and a single Is orbital was used at each 

hydrogen. The results obtained by this method indicate that 

the carcinogenicity of the aroJllatic hydrocarbons is related to K­

region ~-bond overlap population greater than 0.340, but there is 

no correlation with the a-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 organisa to a PAR and the occurrence 

of cancer. Since then, auch progress has been lIade30
• 

Later, a different picture, known as the "bay-reqlon tliiOry 

emerged21·~~. 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 PAR. 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. 

) 

~o 

[dJ 
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---~~ Reacts with DNA or RNA 

oH reJ 

Fig. 2. Benzo [a] pyrene foras in succession (a) an epoxide 
(b) a dihydrodiol (c) ("proximate carcinogen"), a dibydrodiol­
epoxi4e (d) (·ultlute carcinogen·), anc1 u unstabl.t triol car­
bocation intermediate which (e) reacts with DIfA or RlfA. 

Recognition of the diol-epoxide (d) of benzo[a]pyrene as the 

"ultimate carcinogen" of this PAR provided important direction 

for understanding the wide range of tumour initiating activity of 

d i fferent PAR. In particular, Jerina and co-workers21
, 22 have 

shown that a correlation exists between observed PAR carcinogeni-

city and computed ease of going from the diol-epoxide (d) to the 

triol carbocation form (e). 

Berger and co-workers 23 suggested that the formation of t he 

dihydrodiol (c) (Fig. 2) causes the nearby 9,lo-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 Memory17. They designated 

this index as IB ' 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 ~-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. In chapter 3, the methods of 

molecular orbital theory are introduced and illustrated in some 

detail and concerned with semiempirical methods. In 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. 
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2 • 0 • CHEIIICAL REACTIVITY 

2 • 1. REACTIVITY TIIEORI ES : 

In the theory of absolute reaction rates~&, the rate, v, of 

a reaction of the type A + 8 ~ C + D is given by 

v = kr[A][8] 

k~ is the forward specific rate constant given by 

kr = Ie (kT) /h exp( -AG' /RT) 

(2.1) 

(2.2) 

where k is Boltzaann's constant, It is a transaission coefficient, 

h is Planck's constant, R is the JIOlar gas constant I T is the 

temperature, and &G' is the difference in free energy between the 

transi tion state and the reactants, all referring to their 

standard states. [ A ] and [ 8 ] in eqn. ( 2 . 1 ) are the 

concentrations of reactants A and 8, 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, ~G', determines indirectly the rate of a reaction24 , 

v, through eqn. (2.2). For an irreversible reaction ~G' is given 

by: 

-RTlogkr = 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 sol vent interactions etc. In many 

cases, however, we study not absolute reaction rates but the rate 

of one reaction relative to that of another rather sillilar 
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reaction. If we are prepared to asswae that similar changes of 

entropy, solvation energy, etc. occur, then the difference 

between the free-energy changes, AG for one reaction and AGo for 

a 'standard' reaction, may be assumed to arise principally fro. 

the difference between AU and AUo. Since AU is simply the total 

electronic energy change AE (i. e. the relevant part of the 

internal energy change) for one .ale we aay then write, for a 

typical irreversible reaction, 

-RTlog(klko) = AE - Ar (2.4) 

For conjugated systa.s it is usual (vban COIIpariIMJ .Wlar 

conjugated systems in a given type of reaction) to assume that 

the change in the a-electron change is the same in both systems, 

and as a result the difference AE - AE., arises from the 

difference of ~-electron energy changes. 

The ~-energy variation, as a given substituent approaches 

two al ternati ve reaction sites can be represented, by the two 

curves in Fig. 3. 

Transition state region 
1 

Reaction path 

Fig. 3. variation of ~-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 -.ain 

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. 

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 

wh ich proceed by attack at one atom I the most widely adopted 

model of the transition state is that due to Whe l and25
• The 

substi tution proceeds through the three proposed stages indicated 

in Fi g. 4. The conformat i on ( b), i n whic h both X and Hare 

attached (rough l y tetrahedral l y ) to the carbon a tom, r epresents 

the h ypothetic al 'transition state' f rom which the system 

proceeds spontaneously to (c). 

(a) (b) (c) 

Fig. 4. Wheland's model of a substitution reaction: (a) approach 
of SUbstituent X; (b) roughly tetrahedral transit i on state; (c) 
expulsion of hydrogen. 

X may be a radical or an ion, but in any case the carbon is 



12 

removed from the conjugation and 0, 1, or 2 w-electrons go into 

the localized C-X bond. When the same subst i tution occurs at 

different positions the changes in a-electron energy are assu.ed 

to be similar (involving similar local changes in the molecular 

framework), but the changes in w-electron energy may be very 

different, depending on the shape and size of the conjugated 

system. In such cases, therefore, the interpretation of each AE 

in eqn. (2.4) as a change of w-electron energy is reasonable; the 

other terms cancel. 

In order to achieve this arranga.ent, it is evi~ 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 Cr-X bond. 

(3) Some ~-electron energy would have been lost as a result 

of what might be called a limited ~ "volume", L\En 

which is the extent of the network available to the ~­

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 anyone given molecule. If, therefore, (1) and (2) are 

assumed to be constant, then the activation energy L\E may then be 

written in the form 

(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 activat i on 
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energy, ~E', and the rate of reaction will be determined by 

differences in &E r • This was proposed by Wheland as a react-ivity 

index which has since beco.e known as a localization energyH. 

The energy of reaction, &E, is usually calculated by the HMO 

method by taking the difference in ~-electron binding energies, 

and appear as multiple of the parameter 6, i.e., 

(2.6) 

For eXaJlple, benzene has HIIO .-energy of 6Cl + 88. 

Localization of an electron pair at position 1 leaves a 

pentadienyl cation whose HMO w-energy is 4a + 5.4648. ~Er = 

5.464 - 8 = -2.5368. And in the case of semiempirical SCF 

methods (CNDO/2) the energies are calcu l ated 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 localization energy method is equally useful for 

reactions other than substitut ion react i ons such as relatively 

complicated addition reactions. The best example is the Diels­

Alder addition, Fig. 5. 

+ 

Fig. 5. Diels Alder addition on anthracene. 

Brownl7 pointed out that the energy difference between the 

ini tial 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 atolls at which addition takes 

place. This energy difference is called the para-localization 

energy, Lp,. 

In a similar fashion, ortho localization energies27 or bond 

localization energies have been defined for reactions such as the 

addi tion of osaiu. tetroxide to aroaatics, leading to the 

formation of dihydrodiols. 

2.3. ISOLATED MOLECULES APPROXI.KATIOR28 

In isolated molecules approx imat ion the mode l of the 

transition state is generally one in which the aromatic ~-system 

is perturbed to a re lat ively sma ll degree by the attacking 

reagent. The tendency for reaction to occur at d i fferent centres 

is determined by one of the several indices defined in terms of 

the MO's of the isolated hydroc arbon. One of these indices is 

atomic superdelocalizability, wh i ch was derived by Fukui and his 

co-workers 29
• 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 . a­

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 

exci ted states. The largest contribution to the second-order 

perturbation energy is obtained by mixing the ground state wave 

function with the lowest poss i ble lying excited state, usually 
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that which involves the lowest antibondinq .. orbital 'P-1 ( for 

closed-shell even molecule). The mixing will be greatest, and 

hence the total activation energy lowest (1) for those aolecules 

for which the -excitation energy- to ~1 is saallest; (2) if the 

orbital ~1 -offers- a large aaplitude at the location of the 

perturbing reagent. 

In the localization energy theory hyperconjUCJat1on between 

the pseudo-.-orbi tal XU (Fig. 6) and the carbon I'-orbtials on the 

ring is neglected. But, this hyperconjuqation 1. found to be 

i.portant in decreasing the act! vation ~. '!'be oorr_poncUftq 

stabilization energy can be aeasured as reactivity index, the 

"superdelocalizability" s~ as fol l ows. 

~
x +) 

< ~ '. 1 

r' "-

'--___ H - ) 

Fig. 6. Pseudo-~ orbital in the a complex. 

Let all be the Coulomb integral for the pseduo-~ orbital which 

can hyperconjugate wi th the s ys t em, and 'f the resonance integral 

for the interaction of this orbital with the adjacent (Jtollic 

orbital lPA. The total ~-electron energy change of the conjugated 

1I01ecule caused by the presence of the additional orbi tal29 

(2.7) 

where Vj is the occupation number of the orbital .j ( ot orbital 

energy ~) and. is the mmber of electrons -localized- on XB (0 

for and electrophilic reagent, 1 for radical reagent, 2 for a 

nucleophilic reagent). The quantity cj& is the AU> AO coefficient 

The energy change (2.7) is chosen as measure of the 

activation energy in the reaction, and only the negative second-



16 

order term varies if we consider a single type of reagent acting 

on different molecules. The react i v i ty is then measured by t he 

coefficients of 62 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 r.<ucal. - ~ • c 2/ \ + ~ 28 2/ ( ') ... - £0;_1 ... ; A; £0;-'+1 C ... ; -A;, 

(2.8) 

(2.9) 

2.10) 

where Aj is the coefficient in the equation €j = a + Aj.s, €j is the 

e nergy of the jt.h molecular orbital, and a and B are coulomb and 

resonance integrals, respectively. (The l arger the magnitude of 

SA' t he eas i er the reac t i on. ) 

Under this approximation, the other reactivity index is the 

~-bond reactivity which is obtained by the fol l owing expression: 31 

( 2. 11 ) 

where p~ ( k) is the ~-bond overlap dens i t y between atoms A and B 

in kt.h molecular orbital, given by 

(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). C ti and c~ in eqn. (2.9) are the coefficients of 

atomic ~-orbitals of A and B in the kt.h MO, respectively. 
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] • 0 • JmL8CUI.AR ~I!'AL 'ftI •• y 

The main objective of any theory of aolecular structure is 

to provide so .. insight into the various physical lav. goveminq 

the clHmical cansti tution of aoleculea in tenas of soae 

f~ntal universal physical laws governing the IIOtions and the 

interaction of the constituents. 

Let us recall the ItOSt iaportant feature. ot .,lecular quantUII 

theory IIoleculea consist of 

electrons and nuclei which are considered as points. Electrons 

and nuclei are cbarac'terized by their .... , cIMmJa ... 

an9l1lar JIOJIlentu., the spin. The charges give rise to the COuloJib 

potentia l which is the only primary interaction considered in the 

theory of isolated aolecules. Tbe electronic charge is -e, the 

charge of a nucleus with atomic number Z is +Ze. The spin of an 

e l ectron may be ±~/2 corresponding to the ·spin up· and ·spin 

downft states, a and S, respectively. 

The physical state of a molecule is represented by the wave 

f unction, t(x,t), which depends on the spatial and spin 

coordinates of all particles and on the tille (t). The space of 

all coordinates (dyna.io variables) is called confiquration 

space, a point in this space is denoted by x. The wave 

function, • I has SOJa8 special aathmaatical properties which are 

characteristic of the eleaents of an (abstract) Hilbert Space. 

This is space of the square-integrable functions, for which the 

integral ft·tdx is finite. In addition, it is assuaed that t is 

differentiable and regular. The above conditions are valid only 

for bound states. 
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Physical quantities are represented by Heraltian operators 

over the Hilbert space. Rxpectation values ot a given physical 

quanti ties correspondinq to operator A, are qi ven by the 

expression, 

<A> - It·Atdx/It·tdx • <t:A!t>/<t:t> (3.1) 

The operator of the energy is called the HaJliltonian. By 

neqlectinq the weak Jlaqnetic interactions (spin-spin, 

spin-orb1t), one obtains the non-relativistic JM)lecular 

Ba:a1ltonian, ", which baa t.be _bpla fora analOCJOWl to that in 

claaaieal aecbanica, 
,... ." 

~-T+V (3.2) 

where T is the SUlB of the kinetic energy operators of all 
,.. 

particles and V is the potential energy operator. For an 

isolated molecule we can write in the usual coordinate 

representation 

V so Il~i<4/ I rl - ric I (3.3) 

and 
., 
T = -~2j2(t1V/j.d (3.4) 

where Ql is the charge of particle; i, r 1 , and ric are the position 

vectors of particles i and It, respectively; _, is the JlaSS of 

particle i, and Via is the Laplace operator corresponding to the 

coordinates of particle 1. In the presence of an external field 
.. 

the operator V in eqn. (3.3) has to be aodified appropriately. 

The time evaluation of the state is qi ven by the SChrOdinqer 

equation, 

at - -illatjat. (3.5) 

stationary states of the aolecules, t., can be obtained froa the 



19 

time-independent SchrOdinger equation, 

~t = Entn (3 . 6 ) 

The n~ eigenvalue of H, En is the energy of the molecule in the 

nth eigenstate. 

The Schrodinger equation, eqn. (3.6), for a molecule 

consisting of n electrons and N nuclei interacting with each 

other is written as 

~~(1, ••• ,N;1, ••• ,n)'(1, ••• ,N;1, ••. ,n) = 

E' ( 1 , ••• , N : 1 , ••• , n ) ( 3 • 7 ) 

where , is the complete wave function of all particles and B is 

the total energy of the molecule: l, 2, ... Nand l, 2, ... ,n are 

s pa tia l coordinates of the nuc l ei a nd e l e c trons, respectively, 

}{toUl is the sum of the kinetic energy operators for the nuc l ei 

and for the e l ectrons together with t he potent i a l energy terms 

representing the various Columbic i nteractions. These are 

repulsive for electron-electron and nucleus-nucleus pairs, but 

attract ive between electron-nuc l eus pa i rs. For such molecu l es, 

the total molecular Hamilton i an operator }t't.OUl is 

}{t0tal (l, ••• ,N:l, ••• ,n) = _h 2/8". 2Z; ... "M ... -1 'V ... 2 + ~"' <Be2Z ... Z8rAB-l 

h2/B.-ro2 Lpnv/ - ~ ... Lpe2Z ... r ... p - l + Lp<qe2r pq- 1 ( 3. B) 

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 r i j 

is the distance between particles i and j. summations involving 

indices A and B are over nuclei and those involving p and q are 

over electrons. Since each particle is described by three 

cartesian coordinates, eqn. (3.7) will be a differential equation 

in 3N + 3n variables. 
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The full SchrOdinger equation for any molecular system will 

have an infinite number of solutions, only certain ones of which 

are acceptable. In quantua chemistry we are mostly interested in 

solving eqn. (3.6). The solutions in this case can be made 

unique (up to an irrelevant phase factor) by the following 

boundary and normalization conditions: 

'D(±clo) = 0 

<f.1 f.> • i,6.(X>'.(X)dx = 1 

C3.h) 

(3.9b) 

This means that the wave function must vanish asymptotically 

wi th increasing (at least one) or the spatial variable.. Equation 

(3.9a) is consistent with 

fulfilment of eqn. 

integrability of 'no 
(3.9b) 

the probability interpretation. The 

is necessary to e nsure square 

In prac tice, rather than attempt ing to f ind a wave function 

describing both electronic and nuclear mot i on together, it is 

usually sufficient to break the probleJll into two parts and 

consider first the motion of e l ectrons in the f i eld of stationary 

nuclei. There is then a separate, purely electron i c 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 

approximation32
• In more quanti tati ve terms, the Born-Oppenheimer 
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approxiaation aaounta to separating the nuclear K. B. and nuclear 

repulsion teras from ~U~ , and cons i der i ng only the part of the 

Haalltonian which depends on the positions but not the lIOaenta of 

the nuclei. This is the electronic Hamiltonian operator ~, 

~ = -h~/8nrl:pVpa - l:4l:p~Z4r .. p- l + ~qe~rpq-l. (3.10) 

The electronic Halliltonian may be used in the modified 

SchrOdinqer equation, 

~(1,2, ••• ,D)~(1,2, ••• ,D) - £!U(1,2, ••• ,n) (3.11) 

the solutions of which are purely electronic wave function fd, 

describlnq the .,tion or the e1ecllona iD t:Iaa ~l.ld of tlxal 

nuclei. Under the Born-Oppenheimer approximation the total 

energy E of the system of a given internuclear distance is given 

as 

( 3.12 ) 

where f is the electronic energy and the second term is the 

electrostatic internuclear repulsion energy. Molecular orbital 

theory is concerned with electroni c v.rave functions only, and 

henceforth the superscript el on the Hami l tonian operator and 

wave function is dropped without ambiguity. Equation (3.11) is 

a fundamental equation of quantum che.istry and various 

approaches that are used to solve it led to the eJlergence of a.n 

illJlense variety of quantUB. che.aical aethods. 

In dealing with the equations of quantum mechanics, it is 

convenient to introduce new units which are appropriate to ato.ic 

dimensions and which eliminate some of the constants, e,., and ~ 

(the charge and .ass of electron, and Planck's constant divided 

by 2., respectively) from the wave function. These are called 
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atomic units (a.u.). By an appropriate choice of the units o f 

phy sical quantities one can make the values o f t he a bove 

quanti ties equal to unity, e = I, II = 1 and ~ = 1. By this 

choice the unit of length is the so called Bohr radius (or Bohr), 

denoted by Cia: Cia = ,,2/me2 = 0.529107 X 10-·cll while the 

a tomic unit of energy (called Hartree or Rydberg, Ry ) is € o = 

e 2 /ao = 4.3598 x 10-uJ. The atomic unit of .ass is the electron 

mass, a = 9.0191 x 10-2&g. Tbe atone unit of electronic charge 

is the protonic charge, e = 4.80298 x 10-10esu • 

The electronic Haailtonian operator ot eqn. (3.10) reduces 

in a.u. to 

( 3 .1 3 ) 

The use of a.u. has two advantages. First the express i on becomes 

s i mpler. Secondl y , if the r esu l ts of ca lcul a t ions a re expres sed 

in a.u. units, then they are independent of the actual values of 

these universal constants which are determined experimentally and 

may be c hanged occas i ona l ly when the measurement techniques 

become more precise. For th i s reason, we shall use these un i ts 

here unless otherwise specified. 

There are two general approaches to obtain approximate 

solutions of eqn. (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 s imp l est way to 

do this is to associate the n-electrons with n one-electron wave 

functions 'PU'P2I ••• ,'PD and write the total wave function 
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• ( 1,2, ••• , n) aa a product of the ona-electron wave functions, 

.(1,2 .•. ,n) =- ~d1)'P3(2) ... ~.(n) (3.14) 

where 'Pi 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 Rartree product". 

In this approach, it is assu.ed that the ]lOtion of a single 

electron is qove"rned by the averaqe fi.ld created by the noelei 

and tb8 other electrona. Tbua, for eacb electron it ia possible 

to write a one-electron SchrOding8r equation .. : 

('.15) 

where rij is average interelectronic distance between i and j, and 

'P i is the one-electron wave function for electron i. 

Although an orbital as such gives a compl ete specification 

of the spatial distribution on an e l ectron , it is still in­

complete in that it does not specify the state of electron spin. 

Thus, the co.plete wave function for a single electron is a pro­

duct of a spatial function and a spin function, ~i (r)~(C), called 

a spin orbital. A given spatial orbital 'Pi may be associated 'tiith 

an a or S spin function, giving rise to the two spin orbitals 

~1(r)a(') and 8(,), where' is spin coordinate. A product wave 

function including electron spin is obtained directly as a 

Bartree product of spin orbi tala: 

.(1,2, ••• ,n) = ~1(1)a(1)'Pz(2)8(2) .•• ~.(n)8(n) (3.16) 

and often written in the contracted notation 

(3.17) 

where 1 signifies the appropriate spatial and spin coordinates of 

electron 1, etc., unbarred orbitals 'Pi have a spin functiona, and 



barred orbitals .1 have 8 .pin functions (defined as tl/2 in unite 

of ", respectively). 

FUrther, the electronic wave function auat satisfy the anti­

symaetry condition. 'nle anti-sy..etry principle state. that the 

electronic wave function (spin orbital) MISt be anti-s~tric 

wi th respect to .utual pel'llUtation of a pair of electrons 

(interchange of their spatial and spin coorcUnatea) i.n accordance 

with Pauli Principle. 

For the n-electrcm systeII iDStaacl of •• ~. Bartrae 

product ~,9a, ••. , .. one abaUid ba .. tbe fol10win9 ~DaKI 

cpd 1 ) 0 ( 1) '91 ( 1 ) 8 ( 1) .a ( 1 ) 0 ( 1 ) CP. ( 1 ) 8 ( 1 ) 

til = 11/ n! 

'91 ( 2 ) 0 ( 2) "d 2 ) 6 ( 2) .2 ( 2 ) 0 ( 2) ••• • .. ( 2 ) 6 ( 2) 

'P»-l(n-l )0(n-1). 
1',, ( n) a ( n) 

• 'P .... 1.(n-l)8(n-l) 
1p,, (n)6 ( n) 

( 3.18 ) 

where the factor Iii n I arises frOll nor.alization. The above 

detenlinantal wave functions are called Slater-oeterainantsu
• 

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

(3.19) 

where the spin components a and 6 are defined as ± 1/2 in units 

of "', respectively and • =-.,a and • II: .a. 
Slater deterainants give only the ]leans to express the total 

wave function as a product of spin orb! tals. To obtain the best 

approxt.ate solution of eqn. (3.11) by this method, variational 

principle is used. The variational principle i8 based on the 

variational the ore. which states that the average energy, E, of 

a systell calculated using a well-behaved trial wave function, " 

is always qreater than or equal to the true energy Eo ob~ined 
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from exact the wave function ' 0. 
Mathematically, for an arbitrary function " the var ia tional 

theorem is expressed as 

(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 

4p11 ~, ••• 

(3.21 ) 

The given functions CPl 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 leads 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 ~~, ~ = 1, 

2, ... , associated with the various atoms of the molecule, one 

can try to represent any particular molecular orbital .1 as 

(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 orbi ta ls 35
, 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 JK>lecular wave function for the systell reduced to the deter­

mi nation of the linear expansion c oe ffici e n t s , c~ , f or each of 

the orbitals. 

Intuitively, the nature of chemical problems makes it 

profitable to relate MOs to the corresponding AOs of the 

c onstituent atoms. However, to carry out such MO calculations, 

a convenient analytical form for the AO of each type of ate. in 

the JaOlecule is required. The solutions of the Schrodinger 

equation for one-electron atollic systeas can be written in the 

form3s 

'.tIith 

1 = 0,1, ... ,n-1 

I ml $1 

(3.23) 

(3 . 24a ) 

(3 . 24b ) 

where r,a and ~ are the spherical po l ar coord i nates centred on 

the atom. The angular parts Y l.(a,~ ) are the we l l-known spher i ­

cal harmonic, defined as 

( 3 . 25) The 

radial part of the atomic functions Rn1( r ) are polynomials in the 

radial distance r multiplied by decaying exponent e-cr , 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 

SchrOdinger equation involves working with the energy expectat i on 
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lue <'I~ I '>, and tor algebraic aanipulation it is necessary to 

ve a convenient expression f or this quant i ty in t erms of the 

bitals involved. Generalizinq eqn. (3.19) to a closed shell 

rm with 2n electrons, the orbital wave function aay be written 

the fOnl 

(3.26) 

e orbitals 'Pt JUly be considered ortbonorwal without loa8 of . 

S1, = J.pl(1).,(1)df 1 .. 6 1 , (3.27) 

Row we proceed to tile evaluation ~ t.he efterqy 4bqNctatlO1l 

alue <, I ~ I '>, where , is a detena.inantal wave function. The 

aroil tonian operator may be separated into two parts , 

(3 . 28 ) 

where 

(3 . 29.) 

.... ith 

(3 . 30) 

and 

(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 eqn. (3.28) into the energy expectation value 

allows separation of the £e1 into one- and two-electron parts, 

<' I ~ I '> = <' I ~ I '> + < ' I ~ I ' > (3.32) 

which are conveniently treated separately. For the one-electron 

part, using eqn. (3.29), 
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<'I ~I ,> = Lp2"<' I ~COT'.(p) I I>. (3.33) 

Now since electrons are indistingu ishabl e and are trea ted on 

an equal footing in " the expectation value of ~(p) must be 

the same for all 2n values of p. Thus, we need only to consider 

1{COU( 1), noting that 

<'P I ~ I '> = 2n<'P I:lf'<'re(1) 1'>. ( 3.34) 

After substituting the full expansion for , and performinq a 

series of calculations the final result becomes 

<'I XI ,> = 2Lnl_1.~1 (3.35 ) 

where ~1 is the expectation value of the one-elactron core 

Hamiltonian corresponding to the molecular orbital 

:l41 = <, ( l) l 1{
core l ' l (l» ( 3 . 36 ) 

The factor two in eqn. (3.35) corresponds to the fact that there 

are two electrons in each MO *j. 
The expectation value of the two-electron Hami 1 tonian, ~ can 

be evaluated in a similar manner. Here if electrons are assigned 

to two different spatial MO's, 'I and 'J' both may have a and B 

spin and there will be four cond i tions eac h equa l to 1/ 2J1j , where 

(3.37 ) 

this being a six-dimensional integral over space coordinates 

only. If electrons 1 and 2 are assigned to t .he same MO " they 

must have opposite spins and there are only two terms 1/2J.\1 . The 

total contribution is thus 

2LiLj(oi )J 1j + LJl1 (3.38) 

If 1 and 2 are assigned to the d i fferent spatia l orbitals 'I 
and ,j' there are two terms equal to -1/2K1 j , where 

K1j = JJ,/(1),j*(2)1/ru 'j(1),d 2 )df 1df 2 (3.39) 
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If electrons 1 and 2 are assiqned to the SAJIe spatial orbital, 

they .ust have different spin and the correspondinq inteqral 

vanishes by integration over spin coordinates. 

By collecting tera, the final expression for the electronic 

energy is 

(3.40) 

Al ternati vely, notinq that Xu - J 11,' this My be rearranqed into 

the JIOre COIIpaCt tora 

E ,. 2I:1-'(u + l:1~·( 2J1, - It,,). (3.41) 

TIlts tllpOrtant: fcmmla baa reduced t:Ile any .1eotoroa lntevratiGn 

to the set of three- and six-di.ensional inteqrals '4.., JJj and KJj • 

J j and R1j are known as Coulomb and exchange integrals, 

respectively. 

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

energies £" 

£.1 = ~u + I:;'{2J1j - Ki ,}. (3.42) 

This is essentially the energy of an electron in .1 interacting 

with the core and the other 2n-l electrons. With the assUJII.ption 

that there is no reorganization of the other 2n-l electrons on 

ionization, -£J .ay be associated with the ionization potential 

of an electron in t,e This is sOJleti.aes referred to as a 

Koopmans17
, or vertical, ionization potential. Using the orbital 

energies, the total electronic energy can then be written in the 

useful alternative forms 

(3.43) 

or 

(3.44) 
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It should be noted that the total elec tron i c ene rgy € is no 

equal to the sum of the on e - elec tro n e e r g ' es . h is is e c se 

the sum of one-electron energies includes each electron-electron 

interaction twice (the repulsion between 1 and 2 contr i butes to 

the one-electron energies associated with both electrons). The 

second term in eqn. (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 ~1 for a closed 

shell system will be discussed next. If no restriction (other 

than orthonorma l ity ) i s i posed on these f unc t ions (i .e., i f they 

are completely flexib l e fu nctions o f t h e coord i na tes of 0 e 

electron ) , then we can deduce d i fferent i al e quat ions for he 

optimum forms of the mo l ecu l ar orbitals by us i ng the v a riat io al 

method. These different i al equat i ons were f i rst der i ved by Foe l & 

based on earlier work by Hartree3l
, a nd are now generally known as 

the Hartree-Fock equa t ions. 

According to the variation pr inc i ple, if we adj ust an 

approximate many-electron wave function such as eqn. (3.26) to 

lower the energy, then the accurate solution of the many-electron 

wave equation will be approached. The best molecular orbita l s, 

therefore, are obtained by varying all the contr i but-ing one­

electron ' functions IPl ' IP2' ••• IPn in the determinant unti 1 the 

energy achieves its mi nimum value. Th is will not, of c ourse, 

give the correct many-electron , for a closed-shell system, but 

rather the closest possible approach in the form of a s i gle 
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determinant of orbitals. Such orbi t al s are known as sel f -

consistent, or Hartree-Fock, mo lecu lar orbitals . hus the 

central mathematical problem is the determinat i on of the orbi­

tals giving a stationary value of < ' I ~ I ' > , wi th' be i ng a many 

electron orbital wave function. In addition, the c onstra i nt that 

the orbitals remain orthonormal, that is, eqn. (3 .27) should be 

satisfied throughout. If this stationary point does in fact 

correspond to the energy minimum, the corresponding wave funct i on 

, is the self-consistent solution for the electronic ground 

state. 

constrained variational problems of this type are handled 

mathematically by the calculus of var iations, using the method of 

undetermined mul tipl iers. Th is leads directly to t he 

differential equat ions 

i = 1, , n . (3 . 45 ) 

These are n one-elec tron wa ve equa t ions for t he orbital s ~ l ' ~ , 

•• , ~n . The quanti t y ln sq are brackets i s nown as t he Foc k 

Hami l t on ian ope rator F, a nd t h e wave equations may be ritten in 

the form 

F'P l = L: j €l j 'P j i = 1, ... , n. (3.46) 

Here F may be considered an effective one-e l ectron Hami l ton i an 

for the electron in the molecular environment, a nd i ts var ious 

terms have a simple physical interpretat i on. ~cor. i s the one ­

electron Hamiltonian for an electron mov i ng in the field of bare 

nuclei. J
1 

( =Kd is the potent i a l due to the o ther e l e c tron 

occupying the same molecular orbital 'Pl . Similarly 2J j , where j 

is not equal to i, is the average electrostat i c potent i a l o f the 
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two electrons in the orbital CP" The exchange potent i al JC, is 

somewhat more complicated, but it arises fro. the e ff ect of the 

anti-symmetry of the total wave function on the correlation 

between electrons of parallel spin. The differential equat i on of 

eqn. (3.46) differs from ordinary one-electron wave equations in 

that they each have a whole set of constants f 1j on the right-hand 

side instead of a single eigenvalue, and this arises because the 

solutions to the .et of the wave equations are not unique. 

It is desirable · to rellOve this indeterainacy frOli the 

proble. and to fix the .,lecular orbitals tmiquely. Since the el, 

form a Hermitian matrix, there exists a unitary transforma-tion 

of the f o r m 't' i ' = l:: jT1j't' j , which .... ill bring the ma tr i x of Lagrangian 

mul tipliers to diagonal form, that i s, a ll E iJ = 0 un ess i = j . 

Applying t he trans formation to the orbita ls, t e differential 

equations are brought into the f orm a na logous t o a s t andard 

eigenvalue equation 

i 1, n . ( 3 . 47 ) 

These are commonly known as Ha r t r e e - 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 j and Kj • The 

general expression for the eigenvalues of the Hartree-Fock 

Hamiltonian operator is 

€1 = Xlcore + ~j(2Jlj - K1j ) ( 3.48) 

which are just those quantities associated wi th the energy of an 

electron in orbital ~l and are thus known as orbita l energ i es. 
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Although opt:u.u. IIOlecular orbitala aay be defined as 

solutions of a set of coupled non-linear d i fferential equations , 

(for aolecular syatea of any size) direct solution ot these 

equations is i~ractical and Ik>re approxiJlate Jlethods are 

required. The IK>St rewarding approach to date has been to 

approximate Hartree-Fock orbitals with linear coabination ot 

ata.ic orbitals (LCAO). '!'biB.t:.bod bas the furtMr ~ 

that it a1d8 tile ~etability of tbe results, since the 

nature of che.ical prObleaa frequently involves relatinq 

properties of .,lecul_ to tboee ~ tbe ooawtitueat .t:c.a. 

In this approach, each aolecular orbital is considered in 

the form 

(3 . 49) 

where t he ~. are r eal f unct ions. This form is used within the 

determinantal wave function, eqn. (3.18 ) . Aga i n, i t i s required 

that the orbitals *1 form an orthonormal set, and for th i s to be 

possible i t is nec ess a ry t hat t he number of AOs in the basis is 

greater than or equal to the number of occupi ed molecular orbi ­

tals. The requirement that the molecular orbitals be orthonor­

mal in the LCAO approximation demands that 

(3.50) 

where 6
1j 

is the Kronecker delta and S~ is the overlap integral 

for atomic functions cp.. and 'P., 

(3.51) 

Molecular orbitals may be obtained to essentially any 

accuracy desired by appropriate adjust.ent of the nuaber of basis 

functions employed in the LCAO expansion. Here we distinguish 
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typeS of basis sets coaaonly encountered: (1 ) mi ni a l basi s 

, comprising of those atomic orbitals up to a nd including the 

of the valence shell of each ato. of the syste.; (2) 

basis sets, amounting to a ainiaal basis set plus any 

of atomic orbitals lying outside the valence shell for 

atom; (3) valence basis sets, co~prising just those orbitals 

the valence shell of each ataa in the systea. Por exaapl., the 

ence baaia set for the.au aolecule would be 2s, 2p., 2py, and 

sodiWl atoaic functions plus the bydrogen 1s function. Adding 

1s sodia. orbital brings tbe valance basis .et to • ~ntaal 

Adding 3s, 3p, 3d, . . . functions on sodium and 2s, 

. f unction s to hydrogen wo 1 v e n ex en ed bas i s 

At thi s point i t is usefu l to w i te own e e xpr ess i o n fo r 

electron charge density in the LeAO app r o x i ma t i on. he 

charge density p at position R is obtained by wo rking out the 

e xpe c ta t i on va l ue of the charge den s i ty opera o r 2 ( R ) , . e . , 

peR) = <' I ~(R) I ,> = 22: 1
occ

• 1* ( R ) . ( R ) ( 3 . 5 2 ) 

Using eqn. (3.49), 

peR) = I:...P~.'P~(R)'P.(R) (3.53) 

where 

( 3.54) 

The integral peR) over all R should be equivalent to the total 

number of electrons in the system, i.e., 

2n = Jp(R) dR = 2: ... p ... fl4' .. (R)I4'. (R ) dR = ~.p ... S ... . (3 . 55) 

By means of eqn. (3.55), the electronic charge distribution may 

be decomposed into contributions associated with the various 
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basis function. of the LCAO expansion. This provides a 

convenient interpretation of the wave function 1n ter.a of 

constituent atOllS and their orbitals. A quantity p ... s.. aay be 

considered the electronic population of the atOilic overlap 

distribution 'Ptt.'9., and the diagonal tenaa such as P_5.. aay be 

associated with the net electronic charges residinq in orbital ... 

An indication of contrlbnlona to cbeaioal binct1nq 1. Cl1veD by 

off-cU8CJC)II8l. ter.a p ... s.. with .. and ~ centred on different atolls. 
( 

The aatrix eleaent p.. is tbua known as the density .atrix. 

The total electronic 8IMI1'9Y can alao be witt. in ten. of 

integrals over atoll.i.c orbitals if we substitute the linear 

expansion of eqn. ( 3 .49 ) i n the mo lecula r orbita l integral s. 

Thus 

( 3.56 ) 

where ~. is the matrix of the core Hamilton i an wi t h respect to 

atomic orbitals 

similarly we may write 

J 1 ; = ~., c*I'-1C\jC.1C,j<~V 110> 

K1 ; = ~., c*l'-1c\.,c.,lc.;<t'll va> 

( 3 .57) 

(3.58) 

(3.59 ) 

where <~vI1o> is the general two-electron interaction integral 

over ato.ic orbitals, 

(3.60) 

This six-dimensional integral qi ves the Coulo., interaction 

between tvo local product densi ties ~'P. and 'Pi. 'P •• 

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

total electronic energy, va obtain 
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E - ~p .. ~ + 1/2 ~l. p .. P1.[ <In 1M> - 1/2<1'1 1 YO>. (3.61) 

Tbe next illpO~tant step is to find the opti.wa valu_ or t.be 

coefficients Cw. leading to a set of SC LC.\O or LCAO-SCF JICM. 

Using the cri tar ion of lowest calculated total anergy, such 

orbitals viII be the best for any particular set of basis 

functions~. This can be carried out by si.llar ..thoda to the 

Hartree-FocJt procedure. As a raul t, 1M Mv. the equaticme 

(3.62 ) 

where the eleaenta of the ..uix representation of the Bartree­

Pock BaJIlltonian operator , are 

(3.63) 

I t i s seen that the equations of the LCAO SCF MOs, eqn. ( 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 n, and by Roothaan3 S
, and are now 

generally known as the Roothaan equations. 

The Roothaan equations for the LCAO-SCF coeffi cients are 

cubic since the Fock matrix F~. is itself a quadratic function of 

c lU • This is the mathematical consequence of the fact that the 

potential experienced by one electron viII depend on the nuaber 

and distribution of other electrons in the systea. As a result, 

the equations have to be solved by an iterative procedure. 

Up to this point JIOlecular orbital theory fro. an Ab initio 

view point has been considered, with the calculation of a wave 

function involving the evaluation of a nUJlber ot integrals 

followed by an alqebraic selt consistent procec!ure. A acre 

approxiute _thad which avoids the evaluation of .any difficult 
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integrals and which aa.kes some use of experilllental data i n 

selecting values of others shall be seen next. Appr oximate 

molecular orbital theories are by nature semie. pir i cal, in that 

one no longer attempts to derive molecu l ar propert i es directly 

from the principles of quantum mechanics, but rather seeks to 

interpret correlations within experimental data. 

3.1. SBIIl:BllPIRICAL IIB'fBOOS 

computer time and storage requirements of ab initio 

procedures make cOJIpUtations on large IIOlecul .. probibitive. 

computation on larger systems are possible but very expensive. 

The other important fa c t or is t he s peed of t he computer, but 

s i nce the computational t i me inc reases wi th t he fou rth po er 0 

the number of basis orbi t al s , if t he speed i nc reases by as muc h 

as an order of magnitude, this allows on l y the treatment of a 

roughly two times larger molecule. 

Thus , many molecules of chemica l and biological i nte r est are 

not appropriate for ab initio computat i ons . Thi s rna e s i 

necessary that new approximations be incorporated whi c h allow to 

reduce the computer time by several orders of magnitude. Suc h 

approximations concern the neglect of overlap between some AOs , 

the neglect of certain types of one- and two-electron integra ls , 

approximate evaluation of integrals, and the restric t i on that 

only certain groups of electrons (valence or w-type) be treated 

explicitly. These approximations could easily des troy the 

. .. the procedures, since they are, from the numer ica l rel1ab1l1ty of 

point of view, rather crude or sometimes even qu i te unrealis t ic . 
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within the given approxiaation sche.e, however, some quantit i es 

appear which can be estimated by making use of exper iment~l data. 

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

core Hamiltonian can be treated as the atomic ionization 

potential, which can be taken froll experiaent instead of being 

computed analytically (section 3.3.1). In th i s Ilanner the 

computational work decreases further, and what ia IIUCb IIOre 

iJIPOrtant, the incorpora.tion of ellpirical data .ay co.pensate for 

some of the errors due to the crude approxiIations. Such 

procedures are called seaia.pirical. A aeaimlpirical calculation 

presupposes the specification of the e1lpirical paralleters as 

we l l. The parameters can be taken no t on l y f r om experiments but 

also from some model calculations on other ( e .g. sa l ler ) 

mol ecules. It has been observed t a some se i empirical 

methods, despite the inherent rough approxima-t i ons , work 

unexpectedly well, providing sometimes finer resul ts than @ 

in it i o procedures using smal l bas i s sets· . 

Semiempirical quantum chemica l me thods have a wi e 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-o. 

One of the useful applications of the methods is in the 

study of activity-structure relationsh i p o. It has provided 

insight into the close relationship between carcinogenicity and 

(electronic energy, bond order, charge 
electronic structure 



39 

density, etc.), and baa also &ada possible predict i on o f 

carcinogenicity of aroaatic co_pounds. 

In JIOSt cases, seaieapirical quantua cheaical calculations 

have been used to generate reactivity indices for polycyclic 

aroaatic hydrocarbons (PAH) or related aolecules and correlations 

have been sought between these indices and carcinogenicity. 

3.2. BIB ..., DIPftIla!rDL OVBRIAP APP&OXIJIA'rIa. (ZOO) u 

Before reviewing a specific seaia.pirical Jletbod, it i. 

worthwhile to cUscuaa a special f .. tare of May ~ ... 1rical 

procedures. 

The most diff icul t and time-c onsuming part of LCAO- SCF MO 

calculations is the evaluation and handling of a large nU1lber of 

e l ec tron repu l sion i ntegra l s. It i s known tha t many of these 

electron repulsion integrals have va l ues nea r zero , e s pecia lly 

those involving the overlap distribution ~~ (1)~. ( 1), with ~ ~ v. 

Thus, i n developing approximate se lf - consistent field molecular 

orbital schemes, a useful approach i s the systematic neg l ect 0 

electron repulsion integrals having uniforaly saall values. This 

is effected by means of the zero-differential overlap 

approxi.ation41
( ZOO) • 

The scalar product of the atoaic orbital ~.(r) and ~.(r) is 

defined as their overlap integral: 

s,... = h)l£(r)cp.(r)dr = ff ... (r)dr (3.64) 

where, if ~ ~ v, the function f ... (r) equal to the product of bas i s 

function ~I£(r)cp.(r) is usually called the differential overlap or 

the orbitals .p .. and ~., If 'P. and ~. are centred on far-ly i ng 
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atOllS or they are of quite d1fferent orientation. in apac., in 

their differential overlap f_(r) is nearly zero for all r. This 

feature 18 otten utilized 1n sea1U1piriC31 _thoda by neglecting 

all or aost of the integrals where f •• (~ _ Y) is present. If all 

such inteqrals are neglected, ve arrive at the so-called ZOO 

approximation. The ZOO assu.ption iaplies that the overlap 

inteqral matrix, S, becoJIes the unitary at.rlx, as we obtain: 

... - If .. (r) 4" • "­

where lA., 1s Kronecker delta. 

(3.65 ) 

• druUo a1Jlp1Ulcat1oa. 

Not only the orthogonality of the basis orbitals follovs iaaedi-

ately from it, but also most mult i centre t~o-electron integrals 

vanish: 

<~v : loa> = JIP .. (rl )IP.(r l )r 12-~d r ~ )IP.( r 2 ) d Tldf 2 

= /f ... (rl.)rU-l.fh (rz ) d f l.df2 

= 6 ... cSl .. <~~1 YV>. (3.66) 

That is, only the one-centre and some t~o-centre i ntegral s 

survive. The two-centre integrals <~~ I vv > ~h ich are conserved in 

the ZOO theory describe the Couloab repulsion between electrons 

on AOs If>.. and 'P •• 

If the ZOO approxiaation is used for all atomic orbital 

pairs, the Roothaan equations (3.62) for the LCAO coefficients 

for a closed-shell aolecule simplify to 

~ F~.C;i = E1C;U 
(3.67) 

where the elements of the rock aatrix F ... are now g i ven 'ay 

p ..... == '\.. _ 1/2P .... <J.1t.11 t.1P + l:,Pu <~ Ill,> (3.68) 
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~ .. v. (3.69) 

3.3. 

Tbe other JaOst iJlportant feature ot ae.iellpirical aethoda 

concerns the restriction that only certain group. of electron. 

(valence or .-type) be treated explicItly. 

I~ baa been abown tbat tbe role of inner abell electrona in 

cbeJlistry is liaited~. This feature can be fonrulated in several 

ways. One can say for bapl. tJaat tbe bondI.., .1b1at.1a. 1a • 

1Iolecule can be described Mrely by appropriate valence shell 

hybrids wi thout mixing the core orbi ta l s , or a completel y filled 

inner shell is chemically rather inactive ( ~. chemical 

periodicit y) . The less phenomenological state~ent i s to s ay that 

the core AOs are of very low energy relative to the valence 

orbitals, and usual cheaical processes can hardly stiaul ate a 

virtua l core ~ valence electron i c exc i t at ion which would maxe the 

role of core orbitals iaportant. There are, except ions which the 

behaviour of the core electron reflects cheaically iaportant 

effects (kf. X-ray spectroscopy or ESCA). 

A physically acceptable .odel for .oat of cheaistry arises 

if one considers only valence electrons explicitly. In such a 

theory the inner shells are considered as riqid (independent of 

chemical changes). 

Semiempirical methods usually do not include i nner shell 

orbitals, only valence electrons are treated explicitly, 

(Pseudopotentials are often para.eterized seaieaplrically, but 
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then the valence abell i. treated larqely at the ah initio 

level). The so-called all-valence electron sche .. ..erq8s it one 

~re8aes the core electrons into the nuclei, and work. vi t.h an 

effective core charge of atea A: 

(3.70) 

where ZA is the ato.ic nUBber and nAG is the nUllber ot the inner 

shell electrons. Accordingly, one deale explioitly only with tbe 

valence orbital., •• CJ. vith la ltD for hyclrogena and vi th the 28, 

2p., 2p, and lp. AOa for the firat reM ata.. 

There are ... era1 Jrlnda of ~8llplrlcal all-..1.-. 

electron aetboda which are siaple enouqh to be applied to a wide 

r ange of chemi cal problems wi thout co.puta t i onal e ffort. One of 

the most successful all-valence electron aethods is referred to 

as Co mpl ete Neglect of Differential OVerl ap , C~·~. othe r a 1 l ­

valence electron .ethods are the intermediate neglect of 

differential overlap (nmo)~,·3 and the neglect of diatoaic 

d i f fe r e ntial overlap (NDDO ) 02 , 63 methods. 

The CNDO method is the method that was used in th i s s tudy. 

As a result the .ethod is discussed in brief in the followinq 

section. 

3 • 3 • 1. COIPLftB JOGI.BCl' OP DIPFBRBIft'lAL on:RLAP (CIIDO) u , u 

The 1IOst elementary theory retaininq the aain features of 

electron repulsion is the coaplete neglect of di fferential 

overlap aethod (CNDO) introduced by pople, santry, and SeqalY' u. 

The I18thod Jlakes a consequent use of the zoo appraxiaation, 

comple.ented by the assuaption that the survivinq two-electron 
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integrals depend only on the kinds of atoas in ques t ion, a nd re 

independent of the azimuthal quantum number of the AOS . For t h 

main group elements in which all the valence e l ectrons ha ve t he 

same principal quantum numbers one simply has : 

<~~ I vv> = YAB (3 .71) 

where ~eA and veB. The use of eqn. (3.71) i s nec es sary f or 

preserving the rotation and hybridization invariance of the ZOO, 

which requires that the results of the calculations should be 

invariant if one performs a unitary transformation .ixing basis 

orbi tals centred on the Balle atoa. '!'be V .. integral. are 

evaluated for s-type Slater orbitals either analytically or by 

using some approximate formulae. 

using eqn. (3.71), the CNDO expressions fo r the oc 

Hami l t on i an matrix elements given i n eqns . (3 . 68 ) (3 . 69 ) 

s i mplify to 

1+' .. on A (3 . 72 ) 

a nd 

1+'.. on A I 1+'. on B. (3 . 73 ) 

Here symbol P_ is used for the total electron de ns i ty associa t ed 

with atom B, 

PBB = ~lB PH 
(3.7 4 ) 

where the summation is over all atomic orbitals on B. 

1
·S to apply a related ser i es of approx i ma ­

The next step 
t\I of the core Hamiltonian operator, 

tions to the matrix elements ~. 
( 3 . 75) 

due to the nucleus and i nner shell s of 
where -VB is the potential 

atom B. 
. elements 1(... are c onven ient l y 

The diagonal matrlx 
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separated in one- and two-centre contributions. 

A, we write 

If ~ .. is on to. 

(3 .76 ) 

where U_ is the one-centre tera 

(3.77) 

and is essentially an atomic quantity (the energy of ~. 1n the 

bare field of the core of its own ato.). 0. ia obtained aeai­

empirically fro. .atoaic data. The ra.aining tenls in eqn. (). 76) 

give the electrostatic interaction of an electron in ~ .. with 

cores of other atOllS B. Ita role i. to keep valence electrons 

from penetrating into the inner shell regions. The 

off - diagonal core matrix elements J.l. between different ADS IP and 

IP. on the same atom A. This may aga i n be s epara t ed i nto 1.'0 

parts ana l ogous l y to egn. ( 3. 76) , 

X-. = U ... - ~( • .I. ) <j.L l vs \ v> 1P .. ,I4'. on A ( 3 . 78) 

where again U ... is the one-electron matrix element us ing on ly the 

local c ore Hami l ton i an. If 'Pu. , 'P. a re functions 0 t e s, p, d, 

. type, u.... is zero by symmetry. On the other n , i 

hybrid basis is used, this is no longer so. However, we shall 

d sets The remaining terms restrict ourselves to s, p, ,... . 

in egn. (3.78) represents the interaction of the distribut ion ~ ... ~. 

with the cores of other atoms. 

th d the two-centre terms In the CNOO me 0, 

! I . (3 76) and (3.78) have to be approximated in a <j.L VB v> 1n eqns. . 

manner which is consistent with the way the t wo - electron 

integrals are treated. 

over lap 'P,.CP.. (j.L .. v) on 

Thus, neglect of .anatomic differenti a l 

atom A means that < j.L I V. I v is t aken to 
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zero. Further, the invariance COnditions al s o r equi re that the 

diagonal eleJlellts <~ I V.I aD are the sa.e for 1 a 1 ~.. on A ( fo r 

reasons comparable to those already given for replaci ng <~~ I .v > 

by Yu)' Consequently, we shall write 

<~I v.1 J.L> = V,. (3.79) 

where -Vu is the interaction of any valence electron on ata. A 

wi th core of ata. B. Por large internuclear cU.ta.nce. a., it ia 

As a result of these approxiMtions, va bave 

~. = 0 .pI' .. 'P., both on A. 

(3.80) 

(3.81) 

To complete the specification of the calcu l at i on, we need 

the off-diagonal core matrix elements l\.., where '4l.. and '4'. are on 

d i fferent atoms A and B. Here we do not neglect d i fferential 

over lap, since these elements take account of the ba s ic chem 'ca 

bonding capacity of the overlap between the orbi ta l s. Howeve r , 

we ma y separate the cores of atoms A and B and wr i te 

(3 , 8 2 ) 

where the second part gives the interaction of the distribution 

wi th the cores · of third ato. C. These inteqrals will be 

neglected, since they are coaparable to three-centre, two­

electron integrals which have already been omitted. The f i r s t 

part of eqn. (3.82) then depends only on the local envi ronaent 

and is a measure of the possible lowering of energy levels by an 

electron being in the electrostatic fie l d of two atollS 

simul taneously. It is coaaonly referred to as a resonance 

integral (beta integrals) and denoted by the sYJlbol f\.... I t is 
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characteristic of the strength of the binding 

and 'P •• 

tw n 

In the CNOO method, the resonanc e i ntegral 6_ ar h 

a semiempirical manner. However, th is has t o be don n 

n 

nn r 

which satisfies the required invari ance condition. This w'll 

done by assuming that ~. is proporti onal t o the overl pint ral 

1(.. = ~. = S AJI·~. ( 3 . 83 ) 

This assuaption is not reasonable since the bond i ng c pa i ty 

of the overlap will increase as the overlap increases . For the 

calculations to be invariant under tranatoraationa ot tbe ato.1c 

basis sets, it is required that the proportionality f ctor 

between '}\.. and S~, is the same for a 1 omic 0 s ' 

necessary since S~, itself trans f orms corr c t y . 

over STOs anal ytically~ . o 

a pprox imation must not be applied here . We sh no t 

that the overlap integrals S~, (~ II v ) a re absent n th 

due to the ZDO assumpt i on; they are, ho 

the values of the core parameters ~ . . ) 

r, s o 

these approximations, the matr i x elements of th 

DO 

in 

S r:l 

Po k 

Hamiltonian reduce to the following simple f or. ( 'P~ belong ' ng to 

atom A and '9. to atom B): 

F_ = U ..... + P.u - 1/2P .... )Y"" + I:II ( ' & ) (P .. y .... - Va ) 
(3 . 8 4 ) 

) 

, eqn. (3. 8 5 ) , a pp i 5 v n 'f 'P .. 
The off-diagonal expressIon, 

n 

'P, are both on the same atom A, whe n ~. = 0 
n y 

, gl'ven in eqn. (3 . 8 4 ) t h 
For the expressIon 

r 

on 
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element can be rearranged in the fOnD 

F_ = U_ + (P ...... -1/2P_)y •• + ~ (. ' ) [_t"'Iy.. (Z ) (J 86) - ~ - '10 _ + .Yu -Vu . 

where ~ is the net charge on ato. B, 

0. = ZA - p •• (J.87) 

The two-centre terms in eqn. (3.86) are then easily interpreted. 

The term -~y ... represents the effect of the potential due to the 

total charqe on atoa B (and vill vanish if thi. ate. 1. neutral 

in the aolecular environaent). The quantity z.y ... - v~ represents 

the difference between the potentials due to the valence 

electrons and core of the neutral atoa B, and 1. ter.d .. 

penetration integralu
• 

Once a set of CNDO coefficient s C.u. / and a co res po ding 

densi ty matrix P,... have been obtained / the total e erg can 

found from 

€tot.a.l = 1/2~. p .... ('\.. + F ... ) + L ... <IIZ, ZaRu-l 

using appropriate expressions for '\.. and F .... 

One useful feature of a CNDO calc la i on is 

in the total energy expression i s associated wi 

(3 . 88) 

a e er 

on or o 

atoms, so that an energy breakdown into monatomic and diatomic 

contributions is possible: 

(J.89) 

The detailed expressions for E ... and E ... are 

fA "" ~ ... p~~ + 1/2~"'~'" (P .... P •• - 1/2P ... l) 
( J.90) 

and 

(3.91 ) 

t· ns the potential integrals VUH 

For larqe intermolecular separa 10 , 
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Vu., and y". all approximate to R .. -1 so that the lest group ot terms 

in eqn. (3.91) becomes Q"o.R .. -1
• This shows that the theory tues 

proper account of the electrostatic interaction between charqed 

atoms in a molecule. 

Two aethods have been described for c~inq para.eters. 

They differ in the way both V.... and U are treated. In the 

oriqinal .. tbodU
, which is tellled as OfDO/l, V .... and y .... were both 

calculated exactly using 28 Slater orbitals: integrals obtained 

in this way are close to the averaC)e values for Za, Zp., ~y, zp. 

orbitals. In the second approaob, CIIDO/2* (tile .oet widely used 

version of CHOO-type Jlethods) , all -neutral penetration 

integrals U are neglected, which is equivalent to setting 

VAB = ZSYAB in eqn. (3.86). Penetrat ion integrals, Z y g ve 

rise to calculated bonding energies even when the bond orders 

connecting two atoms are zero. The s econd approach or s 

considerably better than the first. It should be noted, however , 

that t he method used to obtain U_, in CNDO/ l may be bett er t h n 

that later used in CNDO/2. In the orig ina l method, h aut ors 

set 

u .... = -I .. - (Z" - l)yu· 
(3.92) 

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

U ..... = -1/2 (I ... + A..) + (-1/2 - Z.)Y .... · 
(J . 93) 

t f It in the case of CNOO/2, is The reasoning, clearly somewha au Y 

based on the asstmption that J{oopun'8 theore.,u should apply to 

both the atom and the negative ion as follo~s: 

- I,. = u,... + (Z" - 1) Y.u 
(3.94) 

(3 .9 5 ) 
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then obtained as the average of the t .... o 
formulas above. 

Both methods make the extra approx i mat i on 

Bu
o 

::: 1/2 (8 ... ° + 8.°) 
(3 . 96) 

where the 8° I S are the bondl· ng parameters determi ned se.1 -

empirically to give the optimal fit to the r esu l t s of db in i tio 

calculations on diatomics. For CHOO/2 these result in the 

diagonal eleaent becoIlinq 

F ..... :z -1/2(IIL + ~) -Q...y~ + (1 - P .... >Yu/2 + 1: ..... o.y.... (3.97) 

Equation (3.97) has a nice interpretation. The enerqy of an 

electron in atomic orbital IA. is equal to the negative o f i t s 

Mulliken electronegat ivi t y47 , (I + A)/2, co r e ed f or c ge 

bui ld-up on atom A, Q...Y.u., to which it "belongs, " corrected l n t u n 

fo r the number of e lec t r ons i n t he IP ... or ita l i s 1 - P 

then corrected by the Madelung terms (Coulomb attrac t ' ons a n 

repul s i on ) located throughout the molecul e, ~y~ . 

The CNDO/ 2 method i s ver y simple ( i t r qu i r es 0 u a ions 

proportional to the third power of t he number of b s is or is) , 

yet accounts for many important tendencies and o ften leads to 

qualitative or semiquantitative agreement with experimenta l 

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 who l e series 

of different parameterizations which differ i n t he way t he atom' c 

t lected and in the coaputation of 6_· to correctly parame ers are se 

reproduce the definite character of the sys te. under study: 
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binding energy, CNDO/SW4a
, geometry, CN DO/B~ , 

spectra, CNDO/S~. 

n 1 c on ' c 

3 • 4. 'JI'-ELECTRON MODEL 

In certain type of molecules, the valence el ectrons c n 

grouped by distinguishing between a- and .. - electrons . As a 

matter of fact, in planar unsaturated compounds , t he molecular 

symmetry enforces that each canonical MO be e i the r s yumetric or 

antisymmetric with respect to reflection i n t he mo l ecu l ar pI n . 

consistent with the nomenclature for AOs, the MOs symmetr i c wi th 

respect to the molecular plane are expanded over syaaetric AOs, 

and they are said to be a-type MOs while ant i s ymme t r i c MOs are " -

type orbitals . The ~-type MOs cons i st of 0 y , AOS ; xi n 

between a- and 1T-orbi tals i s symmetry or en , Th 

a nt i symmetric nature of t he 1T-type MOs means t h t he - el ec ons 

have a zero probability density i n t he mol c I r 1 ne , s 

impl i es that they are not so strong ly bonded to the molecule s 

the s igma e l ectr ons which have max i mum densi y i n he mol c u 

plane. Thus the 1T-electrons are most eas ' ly c bl e n n 

unsaturated planar molecule. In such a case, it is a phys ic lly 

acceptable model to handle only the .. -electrons e xplici t ly wh i le 

the a-electrons are considered as a r i g i d core ha v ng on y 

electrostatic influence on the .. -e l ec t r on system . 

3 • 4 • 1. THE BuCKEL (HMO) METHOD 

much 

1 l ations i nvolved i n the CNDO m thod 
Although the ca cu 

simpler than those in the Roothaa n method, they st ' 1 

n 

require the use of computers. 
In the past , t t ' me wh n 
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computers were not generally available, it was nece sary to u e 

still simpler and crude treatllents if one wished to undert ke 

numerical calculations for typical organic .olecules. 

For these reasons most of the quantum che.ical work in this 

field has been carried out by the Huckel (HMO) .ethod, introduced 

originally by HOckel in 1931~. 

The Huckel molecular orbital (HMO) ..thad 1. certainly the 

siapl •• t ~l: only one orQital per ato. is considered and no 

electrostatic interaction is treated explicitly. The Jrocltel .,. 

are expanded in tens of the finite set of available .-~ 

belonging to the atoms, i.e, 

• j = L:CjAft)A ( 3 . 

where ~A is the ~-AO of atom A in the j~ and t he sum on is 0 

all avail ab l e AOs. n 

orbital representation, the individual MOs of a 0 ec l e ar e 

eigenfunctions of the corresponding one-e lectron HF operator H; 

H'~ = E ~'~' 
(3 . 99 ) 

Instead of solving this equation, the MOs ar ro im e 

by using the variational method, with an LCAO trial e igen-

the 
function. Assuming neglect of differential overlap, 

corresponding variation equations are: 

where 

I HII-" - e 6~.1 = 0 

~Ch I H..., - e .. 6 ... 1 = 0 
i = 1, 2 , ... N 

(3 . 100) 

( 3 . 0 ) 

(3 . 102 ) 

th integrals, in HMO theory they are 
Instead of calculating e 

The diagonal element ~, called a Cou 0 
treated as parameters. 



52 

integral is supposed to have a value ex,. c harac t e r is t ' c of t h .1.0 

~~, which is independent of the rest o f the molec u l e , wh i e t he 

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

integral, is determined by the nature of the c h emical bond 

between atoms having the orbitals ~ and v. The B parameter of t he 

c-c bond can be used as the energy un i t. 

It is usually assuBed that 

a.... .. 0 unless .-., •• are AOs of two atollS 
that are first neighbours. (3.103) 

The eigenvalues of the Huliltonian are interpreted as w­

orbital energies. For the ground state of a molecule possessinq 

2n e l ectrons , the n lowest energy orbita l s are a l l c ons ide r e d to 

b e occu pi ed by t wo e l e c trons . Note tha t t e orbi a ls n or i al 

e nergies are completely determi ned by t he se t of parame t ers n 

S , a n d do not d epend on t he actual number of h e " - e lect rons in 

the system. This is, however, far f r om be ing true i n rea li ty an 

i s to be con s i dered as a typi c al limi tat ion of the Huc ke l mod el . 

The Huckel tota l e nergy i s the s u 0 he energ ' es 0 1 

"-electrons; that is 

(J . 10 4 ) 

where n
k 

is the occupation number and Cle i s t he ~ - e nergy of the 

kth MO, and given by Cle = ex +A jB. For cl osed- s hell s y s t em , the 

total energy obviously reduces to 

( 3 . 105) 

era of modern computers , muc h more s o ph ' t 'ca ted At the present 

calculat i ons can be per f ormed , e ve n fo r quit quantum chemical 

large molecules. As a result, the HMO method i s no t used as i t 

was used before. 

, 
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4 • 0 • COIIPU"l'ATIOIfAL DETAILS 

In this chapter, we consider the calculation of the ato. ic 

superdelocalizability, bond reactivity, total bond order, .-bond 

order, and bond overlap population by means of the .ethods 

discussed in the preceding chapter. I dd' i n a it on, a flow chart 

which shows the computational details involved in calculating the 

reactivity parameters is given. 

4.1. ATOIIC SUPBRDELOCALIIABILI'I'Y 

The HMO definition of atoaic auperclelocallzabllity of • 

particular atom in a given molecule has the following formula n 

where c j A is the coefficient of A~ atomic ~-orbi tal i n t he j MO, 

A
J 

• s the c oe f ficie nt i n the equa t i on Ej = 

e nergy of the jth MO, and a and 8 are Cou lomb a n resonanc e 

integrals, respectively. SA here is given in un i ts of (1 / 8 ) , 

The atomi c ~ superde l ocali zab i l i t y is also efi ne by31 

( 4 , 2 ) 

where ~~(k) is the ~-electron density of atom A i n k th MO a nd €( k ) 

is the energy of )cth MO in units of a. u. or eV. The higher the 

absolute value of SA the more likely a reaction will occur at a t om 

A.. 

In this study we defined atomic superde l oc a l i zabili ty wh ich 

differs from the atomic superdelocalizabilities gi ven above. The 

atomic superdelocalizability we calculated usi ng the e ' gen­

vectors and eigenvalues obtained from the CNDO/2 method is g i ven 

by the following expression: 
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where ~(k) is the total electron density of 

dk) is the energy of kt:ll MO in units of a.u. 

( 4 • ) ) 

atom A in k~ MO and 

or eVe The a.u. is 

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

The difference between the atomic superdelocalizability ve 

defined and the atomic superdelocalizability obtained by eqns. 

(4.1) and (4.2) is that in calculatinq the atoaic auperde­

localizability we consider ~e total electron density by tak i ng 

into account the a-electron and w--electron contribution. In 

eqns. (4.1) and (4. 2)·,u only the .... lectroD deD8ity i. Uk. 

into account, the role of the a-electrons is neglected. There 

are certain mol ec u l es for which the a-framework may play t e 

det ermin i ng role. As a result we considered the a- electrons . 

our calculation . 

4 • 2. BOND REACTIVITY 

The ~-bond reactivity of a bond between two atoms A an B s 

• 31 

obtained by the following express1on: 
( 4 .4 ) 

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

in k~ MO, given by 
( 4 • 5 ) 

f k~ MO in units of a .u. or e . 
and E (k) is the total energy 0 

f the w-ato.lc are the coefficients 0 
The C kA and C kB in eqn. (4.5) . 

. . k~ mo lecula r or tal . 
orbitals (pz) of A and B, respect1vely 1n 

band reactivity by the follow­
In this work we defined the 

ing relation: 
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R.-' = ~ 000 Pu(k)/E (k) 
(4.6 ) 

where PuCk) is the total bond overlap density between atoM A and 

• 1r~ MO B 1n A 

(4.7) 

and f (k) is the total energy of k tJo MO and is calculated using the 

CNOO/2 method. C IcA and C IIS in eqn. (4.7) are the coefficient. of 

the atomic orbitals (valence orbitals) of A and ., r .. pectively 

in the- ltUa IIOlecular orb~~l ~ The bond reactivity we defined 

differs frOll what is used in eqn. (4.4) in that we considered the 

total bond overlap densitY 1. ca-lculatiDg tbe boDd neot191q but 

eqn. (4.4) takes only .. -bond overlap density into account, the a­

bond overl ap density is neglected. 

4 • 3 • TOTAL BOND ORDER 

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

= 6 ... and only one orbital per atom is considered, the bond order 

between atoms A and B is defined by the off-diagona l e l ement 0 

the density matrix52
: 

Pu = p .. ~ ; ~eA, veB. 
( 4 • 8 ) 

more than one 1.0 on one ato., the 
Whenever one considers 

( 4.8) can not be mainta i ned. 
simple bond order definition, eqn. 

. orthogonal, Wiber<t) propos ed 
For such a case I if the AO basis 1S 

an index characterizing the AS bond order: 
(4.9) 

t of the density matr i x. 
where P is the off-diagonal elemen 

... ~ HF methods work wi th i n 
.. d quantUJl chemical Soph1st1cate 

nonorthogonal 
AO basis sets

60 
• 

(overlapping) 
In such cases 
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neither the Wiberq indices nor simple bond d 
or er, Pu , can serve 

s an appropriate measure of the chemical bond t 
a s rength. Maye~, 

Proposed an index characterizing the AS bond order t th 
o e general 

lIult1' orbi tal and nonorthnnonal case A di 
-~ • ccor nq to Mayer's 

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

molecule can be calculated as: 

ba = I:1'o~l: .... (PS)~ (PS) .. " (4.10) 

where P is the density aatrix and S is the atomic overlap aatrix. 

Mayer's bond order reduces to Wiberg bond order in the special 
, 

case of S~ z: ,~, that i. if s.. • " .. , th_ 

case, we have used all-valence orbitals for each atom. However, 

the bas i s set is orthonormalized, i.e. , ~. = 6.... As a result I 

we obtain the same value for the two bond orders, i .e., for e 

Wiberg a nd Mayer bond orders. Hence, we calculated on ly the 

Wiberg b ond order for our purpose. 

4.4. w-BOND ORDER (COULSON) 52 

Whenever one considers one AO on one atom, the s imp e 

order def ini tion eqn. ( 4 • 8) can be used. In Huckel Molecu lar 

it 1 per atom is considered. Orbital (HMO) method, only one orb a 

f the finite set of 
The Hucke 1 MOs are expanded in terms 0 

available ~-AOs belonging to the atoms, i.e, 
(4 .11) 

A and the sUDation is overall 
Where CPA is the 7r-AO of atom 

available AOs. 
oct between two adjacent atoas A 

The .,,-bond order in HMO meth 
'1 bond order) then is g i ve n by: 

and B (sometimes called the mobl e 



57 

(4.12 ) 

\there c~ and cjB are the coefficients of atollic ~-orbi ta 1 (P. ) ot 

atoms A and B, respectively in the jth IK>lecular orbital. 'M\e 

variable nj (-0,1 or 2) is the number of electrons in jG NO. 

In our calculations we have considered all valence orbitals 

in each atom, e. g. Is AO for hydrogens and 2s, 2J)w, 2J)y and 2p. N)e 

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

ppr, we have identified the .. atoaic:: orbitals with ~-sYJlllletry for 

each carbon atom and used them for calculating the .-bond order. 

4.5. BOND OVERLAP POPULATION 

We used the following expression to calculate the overlap 

population 4 0 between orbitals ~ and v: 

PILV 0" = P~, SIJ.V 
( 4 . 3) 

where P is the off-diagonal density matrix and S~. is the 0 
1'0 ' 

diagonal e l ements of the overlap matrix. The calculated bond 

overlap population characterize the binding betioieen t 
' 0 

orbitals ~ and v. 

The SAMO 
h t 1) uses the method mentioned above (C ap er 

Mulliken bond 1 t · 1& to calculate the over lap 
overlap popu a lon 

Here the molecular orbital 
population between orbi tals ~ and v. 

C
ombinations of the members of hybrid '1 are expressed as linear 

sets lP .... 

'1 = L~C~IPI'-

Pulation 
The Mulliken bond overlap po 

following relation: 

(4.14) 

is then given by th 

( 4 • 

J 
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here the SUD is over the OCcupied orbitals and ~ . 
'1/ "'\0. 1& an eleaent 

of the overlap ~ .. = <~I4p .. >. 

In order to calculate the reactivity para.eters de! ioed 

abOve for a given arollatic hydrocarbon we need to have . i gen-

values, eigenvectors, orbital label, S-aatrix, and density aatr i x 

of the atoms which compose the systea. We should also ~ t he 

number of carbon atoB in the coapound, and the nWlDer of carbon 

atoms attached to a 9 i ven carbon atom in the compound. All these 

quanti ties are deteI'llined using co.puter progra.. 

A flow chart of the progrua i8 CJiveD belovo The flow chart 

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

the hierarchy of the programs and flow of data aaong the 

programs. 
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STRUCTURAL FORIItJLA 

1IIP2 -
Optimize ~try 

MOPOUT.INP 
Z-Matrix 

MOPZMT.FOR 
change Z-matrix 

1 
CNINCR.INP 

Changed Z-matrix 
,~------~--------_/ 

CHIMCR.FOR 
Calculate cartesian coordinate 

+ 
No. C atoms & no. and label of 
C atom attached to a given C 

CNINCR.OTP 
Calculated 

Cartesian coordinate 

CNINCR.CNN 
NO. C atoas , no. and 1 1 of 
C atO. attached to a giv n C -- ----. 
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CRIJIDO 
CXDO/2 calculations 

CIfI)IPRG. PM' 
Net atoaic population 

on valence abell 
and so on 

ClWIPRG. SO 
OVerlap 1Iatrix, cSenaity 
.. trix eigenvalues, 8iCJeft­

vectors, orbital label 

PBlOA.rc. 
Calculate bioloqical 

paraMters 

PBIOA.PRT 
Calculated biological 

paraaeters 

t'ftn the reactivity par~t.rs. 
Fig. 7. Flow chart for calcula 1. .. .., 
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AS shown in the flow chart, 
we used the prOCJraas CNIJrfDO , 

...m255 MOPZMT. FOR, CHIMCR. FOR, and PBIOA FOR i 
~ , • n this work. 'n)e 

qualitative description of the function of cb 
ea proqr .. 1. 

outlined as follows: JOIP2 is used for optiaizinq the structure 

of the molecules studied. It uses the 1I01ecular IleChanlca 

aethod511 to optimize geOJaetries. The input for tbis proqra 1. 

the structure of the 1IOlecule for vb1dl tM ~ i. to be 

optiaised. Tbe structure is dra~ ~ the screen of tbe coaputer. 

After giving the required co..and ainiaization follon. Ber. tbe 

proqraa is used not only to 91ft tbe ... at&&ttute ... el8e 

to generate the z-aatrix of the optiaized aolecule. Z-utrix is 

a method of def i n i ng a molecule I atom by atom, in terms of bond 

lengths, bond angles and dihedral angles~. The output data 0 

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

MOPOUT. INP. 

The input for the CNINDO program consists of the IIOlecular 

charge , mo l ecular mul tiplic i ty and definition of the molecular 

structure ( the type of atom used and their geoJlletr ica 1 

posi tions ) • The structure is conveniently defined by I18.8ns of a 

Z-matrix" . 

The Z-matrix which is obtained froa the JOIP2 prograa is not 

As a result, we wrote 
cOJIlpatible with the CNlNOO proqraa input. 

change the z-aatrix obtained 

is C08P8tible with 
the program called MOPZMT.FOR to 

from MMP2 program to another z-aatrix which 
. ut data for MOPZMT. FOR is 

the CNINDO proqraJI input. The Inp 
FOR the z-aatrix 

obtained from MOPOUT. IMP. The output of MOPZMT. , 
is stored in 

,"",' . th the CNINDO proqrd, 
.u~ch is compatible Wl. 
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cNIl~CR. IMP. 

The program CNINCR. FOR calculates th C ' 
e arteslan coordinat 

O
f each atom in a molecule (geometrical po ' t' 

Sl 10n) tro. the z-
matrix. The program CHIMCR. FOR obtains the required input data 

LJith tbe proper formats for identification and t 
" CODen 8 ; the 

number of atoms, molecular charge, multiplicity, bond angles, 

bOnd lengths, and dihedral angles (Z-ltatrix) fro. tbe tU. 

ClfIMCR. IMP • Tbe calculated cartesian coordinates are stored in 

CHIMCR.OUT. The original CNINCR.FOR program which vas written to 

calculate the Cartesian coorcJinate .. allOd1fl .. 

number of carbon atoms in a given molecule, and assign the nuaber 

and l abel o f c arbon atoms attached to a given carbon atom i n 

mol ecule be ing studied. These results are stored in CNI NCR , CNN , 

The CN I NDO pr og ram is used for the CNDO/ 2 ca l cula t ions, It 

calculates the eigenvalues, eigenvectors, density matrix, 0 er ­

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

The requi red input data is obtained from CNINCR,OUT, i. e " 

Cartesian coordinates of each atom. The output of t he CNIN DO 

h 

stored in CNINCR. PRT. The CNINDO is mod if ied to store t he 

label, e igenvalues, eigenvectors, 
calculated S-matrix, orbital 

and density matrix separately in CNINPRG.SCP. 
This values r 

h ' h we The program PBIOA. FOR w 1C 

i 
perdelocalizabi li ty, 

the reacti vi ty parameters, the atom c su 
w-bond order, and overt 

reacti vi ty I total bond order of wiberg, 

, 
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latiOn • It takes input data fro. Cllla.en and ClfIIlPRG. scp 
~~ . 

es the output data l.n PBIOA.PRT. and stor 
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As aentioned in the previous chapter th 
, e reactivity par.-

ters the ato.ic superdelocalizability and ~"'- bo 
.. ' , \oUW net reactivity 

are defined to include all valence electrons. !bat 18, In 

calculating the atoaic SO and bond reactivity both the (1_ and w­

electrons and bonds, respectively, were considered. !be_-band 

order is calculated using ato.ie orbitals vltb _~. ID 

tb8 III) .ethocl t.be atoaic auperdelocalizabili ty and the bond 

reactivity are calculated by considerinq only the w .. lect.ror. and 

,-bond, respect! vely. !be .-boIiI order, lIa _ .' .... , Ie 

calculated using p. orbitals. Hence our tirst task va. to 

establis h a corre l ation between our reactivity paraaeters and 

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

calcul a t i on s were per formed. 

5.1. '1'ES'f CALCULATIONS 

As a tes t of the calculated atomic superdelocali zability, 

. uperdelocali zabi it i es 5,,', we calculated and compared the at01l1c s 

of benzene, nitrobenzene, phenol, aniline, naphthalene and 

phenanthrene. 

ph. 1 ani 1 ine and 
First we considered benzene, eno , 

, be atoms are equivalent, 
nitrobenzene. In benzene all the car n 

the reuininq five carbon 
S,' =- -5.137. If it has a substituent, 

to the subeti tuent, tvo 
atou are no longer equal. with respect 

distinquishable. 'n\e 
n1'+k~ t and one nATA positions are 
~I vo uta, --- I are 

and aniline, r •• pective y, 
-<>H and -MHa groups in phenol n denai ty of 

__ A increase the electro 
electron donating in nature cu-
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This in turn, 
causes the redistribut 'on 0 

electron density in 
the the ring Which 

creates a surplus 0 

electron density in the orthQ and ~ positions. 
As a result 

I 

these positions are more reactive towards electrophilic att ck 

than the meta pos i tion57 
• 

The absolute value of the calculated atomic superdelocal­

izability (eqn. 4.1) increases with increasing-electron density 

if the orbital energy is constant or the difference in th 

orbital energy is small. So surplus electron density in the 

ortho and ~ positions (in phenol and aniline) __ tbeM 

positions have large negative atomic superdelocalizabilit i es . 

The atomic supe r delocalizabilities of the two QI1hQ , r.:o 

meta and one para positions of phenol are -5.35, - 5 . 06, n 

- 5 . 30 , r espect ive l y a nd of aniline are - 5 . 55, -5.14, an - 5. 4 , 

respecti vely. This result shows that the ~ n 

posi tions of phenol and aniline have more electron dens ity t 

the ir me t a positions. Hence, as stated above the or t 0 n 

posi tions are more reactive than their meta pos itions . 

n 

, h n1' tro group being electron 
In the case of nitrobenzene, t e 

accepting, pulls the electron cloud from the benzene ring i n i ts 

, . the benzen r n 
direction. As a result, the electron dens1 ty 1n 

~_~hn and ~ posit ions n 
is lower somewhat, especially in the ~ 

the reacti vi ty with an electrophile decreases at the QI.thQ n 

superdelocalizability of the two 
~r.s positions. The atomic 

. of nitroben zene r 
~rth2, two meta, and one ~ara posit10ns 

Note that the abSol u 
-4.83, -4.88, and 4.81, respectively. 

. bilities of the QUhQ an 
value of the atomic superdelocallza 
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expected that the bond length decreases with 

order. In Fig. 7 are plotted bond lengths of 
~ . 

increasing bon 

ethano (1. S4A) , 

ethylene (1. 34A) I acetylene (1. 2A) I butadiene 
(Outer bond 1.35A 

benzene (1.40A) with the 
o 

and inner bOnd 1. 4 6A ) and 
correspond inq 

calculated bOnd order PAS' As expected the bond length .. uecreascs 

wi th increasing calculated bond order (Fig. 7). The correlation 

coefficient relating the experi.ental bond lenqth with tbe 

calculated bond order is -0.988. The negative sign in the 

correlation coefficient indicates that the trend the higher the 

total bond order the lower the bond lenqth holds. 

since bond reacti vi ty is a measure of bond overlap density 

) 
't-( eqn , 4. 6 , l '- S absolute value increases with increasing bo 

overlap density if the orbital energy is constant or the 

dif f er ence in the orbital energy is small. The bond re~ct iv ' ty 

of ethane (single bond), ethene (double bond ) and acetyl e c 

(triple bond) is -0.70, -1.12, and -1.77, respectively. Thi s 

shows that as the bond order increases the absolute val ue 0 e 

bond reacti vi ty increases. This is what is observed in F 
8 

which is calculated bond reactivity versus 
a plot of the 

calculated total bond order. Fig. 9, the plot of bond rcacti vi ty 

versus calculated ".-bOnd order, again shoWS that absolute value 

'th increasing ~-bond order. 
of the bond reacti vi ty increases Wl 

1 
t' g the bond reactivity wi h 

The correlation coefficients re a ln 

the calculated total bond order 
and ~-bond order are 0.988 and 

h 
oefficient relating the n 

0.999, respectively. Note that t e c 
than the one relating the 

reactivity with ",-bond order is greater 

bond reacti vi ty with total bOnd order. 
This showS indirectly 
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.. hAt the role played by I'-bond is IIOre .. '" 
\..1- Wlan the a-bond 1n bond 

reactivity. 

Figure 10 shows the relation between the two I'-bond oMen, 

. the I'-bond order we calculated and the one cal 1"-...11 I.e. CU 8'-1 by JIll) 

.,thod. The two I'-bond orders are in .1:roncJ aqr ..... t 

(correlation coefficient = 0.985). 

The plot of the calculated overlap popalatic.a .... tM 

calculated total bond order and I'-bond orders are shown in Fig . 

11 and 12, respectively. Generally an iDcrea •• in the calco1.ted 

bOnd orders resul t in incr.... 111 tIae caloa1atec1 OM"1Irp 

population. The correlation coefficient relatinq the calculated 

bond overlap population to the calculated total bond order and, 

to ,-bond order are 0.906 and 0.998, respectively. This 

relationship shows the contribution of the .. -bond in the 

calculated overlap population to be higher than the a-bond. 
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ra))le 1. 
Relative reactivities (nitrati • 
at01lic superdelocalizabilitiea on) : the calculated 
supe.rdelocaliabl1ities calculat':A and t.be atoaJ.c 
phenanthrene. by HMO .. thod, Sa in 

position log kJ1t.-......· SA' (unit of SA (unit of 
of reaction 1/a.u. 1 a • 

9 0.02 -5.329 0.997 

1 -0.11 -5.309 0.977 

3 -0.19 -5.205 0.B93 

2 -0.71 -5.1'1 0._ 
.. -0.77 -5.2" O.tl' 

• from Ref. 30 

Table 2. Calculated bond order bu,l'-bond orders (P,:), 
overla p population (PU O"), and bond reactivity (R~ ) . 

Compound Bond b u Pl.; 
p~trt R~ 

CNDO/2 HMO° 

Ethane 1.06 0.18 0.74 -0.70 
c - c 

Ethylene 1.00 1.00 1.13 -1.12 

c = c 2.06 

Butadiene 0.29 0.45 0.78 -0.74 

C - c 1.06 1.11 -1.18 

1.96 0.96 0.89 
.... c - c 

.!.enzene 
0.67 0.67 0.95 -0.99 

c: : :c 1.44 

C 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 fonrula of the IIOlecules 

for which the carcinogenic indices I.' and IL' I the sua of the 

superdelocalizabilities of the two ato.a which respectively co.­

pose the K- and the L-reqions of a IIOlecule; the ~-reqion bond 

reactivity I total bond order 1 .. -bond order, and overlap 

population were detenained. 
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5.2. SUPKRDELOCALIZABILITY INDICES 

In Table 3 we have listed values 
of the ca l culated ca rcino-

genic indices I K ' and I L ' for each of the molecules in Fi~lre 
.,~ 13. 

In this table, the calculated carcinogenic indices are coapared 

to the carcinogenic indices derived from the HMO calculations Ia 

and I L• Ix and IL are the sum of the superdelocalizabilities or 

the two atomic sites which respectively co~e the K- and L-

regions of a .olecule. When A and B are the atomic sites whi ch 

compose the K-region then lit = SA + 5 11 , and IL = Se + B." when C and 

D are the ato1llic sites that collpOSe the L-reqion. !be ... t.e aign 

is added on the calculated superdelocalizability index to 

dis t ingui sh i t from the superdelocalizability index obtained by 

the HMO method. In Table 3 a parentheses around a pai r of 

numbers designate a K- or an L-region which is not a true K- or 

L-reg ion . 

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

delocal iz ab i lity c alculations that the larger t he absolute va ue 

of the a t omic 5uperdelocalizability, the higher t he r eac t i it of 

th ' 't F th1' sit is clear that the relation, the e gIven 51 e. rom 

f the superdeloca1izabi1ity indices 
larger the absolute value 0 

, 'II take place at the given bond, 
the more likely a react10n W1 

holds. 
the 22 molecules we have stud ied , 

As shown in Table 4, of 

only molecules are found experimentally to show 
seven 

1 ules are molecule, 
The carcinogenic mo ec 

carcinogenic activity. 
, 13) Molecules v , 

~TII, and XVIII (F1g. . 
V, XI, XII, XIII, XV, AV 

1 the K-region whereas 
XI and XVIII possess on Y 

I XV, XVII, 
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)IOlecules XII and XIII have both K- and L-reqions. 

It is recognized that the K-region reacti vi ty is like an 

"on" switch; if the K-reqion is IIOre reactive to a certain lWt, 

carcinogenici ty is favouredu
• The L-reqion behaves like an .off­

switch; it prevents carcinogenicity if it beco.as too reactive, 

regardless of the K-reqion index. Havinq this tact 1.e., t.he 

critical cancer-inducing reaction taka. place at • bond of tbe I­

recJion type, and reactions at L-region bypass the development of 

cancer, a criterion for carcinogenicity vas stated usill9 the KIlO 

superdel~liZabillty wloes~ IJht «lterlOD for all u~o 
hydrocarbon to be carcinoqenic usinq the HMO superdelocal­

izability indices is stated as follows: 

(i) it must possess a K-region which is more reactive than 

2.05(1/8); 

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

region must be less reactive than 2.30(1/6), 

If we app l y the criterion stated using the HMO superde­

we will f ' nd localizabili ty indices to the molecules studied, 

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

-pecified using the HMO superde­
exception to the cri terion ~ 

localizability are lIOl8CUles v, IX, XVI and XVIII. 
They are also 

exceptions the criteria baSed bond carbon upon 
to 

Molecule V and XVIII Yhicb show 
localization energies. 

ted ccordinq to this criterion, 
carcinogenic act! vi ty are predic , a 

IX and XVI which are non-
to be non-carcinogenic. Molecules . 

rcinogenic activities. The 
predicted to shoW cs carcinogenic are 

exceptional behaviour of JIOlecule XVI has been explained by it. 
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possession of a hiC)hly reactive, extended, (pseudo) L-reqion, 

atoms 6 and 1217 (Fig. 13). The non-carcinogenicity of aolecule 

IX is explained by its close relation to the non-carclnoqenic 

.olecule XVI. In molecule IX, atoM 6 and 10 constitute a hiqhly 

reactive, extended, (pseudo) L-reqion in the SaM fashion as atOll 

6 and 12 of molecule XVIl? (Fig. 13). Molecules V and XVIII are 

exceptions to the criterion stated by tbe lUI) wperdelooal­

izability indices and thi. 18 .asUMC1 to be attributed to the 

non-planari ty of the 1I01ecules1'7. The.,.ethod pend ta one to 

pertora calculations oft planar eonjucJatel .,lecalAMl GBl,. ., 

means of the superdelocalizabilities we calculated, a criterion 

for chemical carcinogenicity aay be stated in the following way: 

(1) The molecule must possess a K-region superdelocaliz­

ability index 5 -lO.?O(l/a.u.): , , , 

(ii) if the molecule also.' PoSS€sres : 8.n ' L-req .i..on } this .. ' 

region must have superd~;t!ocaliz®Ui ty i·nee> ~ 

- l O.98(1/a.u.). 
( . . , .' ... f . , . ft 

, "t ' bdsec on. +:JlP. fac t th t Again we formulated this crl erlon 

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

the and reactions at L-reqion bypass the X-region type, 

development of cancer. 

! 
.... "ceptions to the criteria specified 

Molecules V and XV are-

i ab
ility indices we calculated. They are 

using the superdelocal Z 

• ba ad upon bond and carbon 
also exceptions to the cr1teria s 

superdalocalizabil i ty indices 
localization energies, and the 

obtained by HMO aetbod. 
t the criteria stated usinq tDtO 

l ecule V 0 The exception of JIO 
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superdelocalizability indices was aSSUiled to be attr ib o 

non-planar i ty of the molecule l7
• In our calcul at i ons there is no 

restriction in qeometry. 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 s uper-

delocalizability indices which is obtained using CNDO/2 .ethod. 

Hence there should be a factor other than the non-planarity for 

the .alecule to be exception to both criteria. 

The exceptional behaviour of JIOlecule XVI, using the HMO SO 

indices, has been explained by ita possession of • hiCJblJ 

reactive, extended, (pseudo) L-region, atollS 6 and 1217 . In ou r 

calculation I molecule XVI is found again to possess a highly 

reactive, extended, (pseudo) L-region, atoms 6 ( S6 = - 5 . 603) 

12 (S ~2 = - 5 . 6 04 ) . 

Mo l ecule XVIII, which i~ a" exceI,t i cn ,:u chc cr;. t~ inn 

stated using the HMO superdelocaJ.i2laDili i.y i :1dicp.s I 

except i on to the criterion stated by () ;lr su p-:- rcie:l o-:d. 

lS not an 

i l' Y 

indices. In this study, the geometry c f c.l 
o ec es s 

optimized before t t ' of the reac t i vity the actual compu a 10n 

parameters (section 3.0). 
with CNDO method, there is no 

t of the molecules. 
restriction as to geome ry 

That is we c n 

lanar mo lecules. Fo 
study, as mentioned above, planar or non-p 

1 XVIII is not an exception 0 
this reason the non-planar molecu e 

ltd superdelocalizability 
the criterion stated using the calcu a e 

, upports the 
indices. This observatlon s 

behavl
' our of .olecule XVIII to 

exceptional 
' l'ty indices. 

by the HMO superdeclocalizabl 1 

reason gi ven for h 

the criterion stat d 
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Molecule IX which is an exception to the c r it r ion 

using the HMO superdelocalizability indices, is not an xc pt 'on 

to our criteria. 

The relationship between the v_ and L . 1\ -regI on s uper-

delocalizability indices obtained by our procedure and the HMO 

method are shown in Figures 14 and 15, respecti ve1y. The Fi qures 

show that the higher the absolute value of our superdelocal­

izability indices the higher the HMO superdelocal i zabi l ' ty 

indices. The correlation coefficient of the superde 10ca 1-
~~ , . .. .. 

izabilities we calculated -and the ones obtaiDed by a.) .-tboc:l j.n 

the K-region and L-region are 0.89 and 0.90, respectively. 



83 

Table 3. SD indices of the It- and L 
carbons calculated by CKDo/-~eq( i~na of aroaatic hyc1ro­
l/a.u. • and 11.') In unit. of 

OMPD I- I.' I. L- I .. ' REGIa. RJlUCli 
I. CAR CLAS 

CIB., S 
I (1-2) -10.27 1.67 (1-4) -10.27 1.67 - C 
II (1-2) -10.49 1.8' (1-4) -10.60 1.99 - C 
III (1-2) -10.55 1.99 9-10 -11.04 2.63 - B 
IV 9-10 -10.66 1.99 - C 

V 1-2 -10.6' 1.'7 + p 

VI 3-4 -10.70 2.08 9-10 -11.01 2.44 - D 
" ~ 

" :"', rf j.oa1', VII (1-2)- ' -10.51 - " -11 1r;,f -U .. l' 3'1er ,-
D" 

~ 

VIII 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 ++++ 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 X 

XVII 6-7 -10.74 - ++++ A 

XVIII 7-8 -10.70 1.98 + F 

XIX 6-7 -10.74 2.15 5-14 -11.07 2.41 D 

2.03 
c 

XX (5-6) -10.69 

1.93 9-10 -11.00 2.31 ! 
XXI 6-7 -10.54 

1-" -11.12 2.72 D 
XXII 6-7 -10.73 2.20 

r From Ref. 17 
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Table 4. Classification codes. 

Claaa 

A 

B 

c 

o 

E 

F 

x 

Ex lanatioD 

Molecule is active because both lC- and L-reqlOM 
the limiting conditions for carcinogenic pot en 

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

Molecule is inactive because a K-region suitable fo r 
carcinogenesis is absent. 

Molecule is inactive because an L-region suitabl e fo r 
carcinogenesis is absent. 

Molecule is inactive because both K- and L-regions ar e 
unsuitable for carcinogenic activity. 

Except i ons to the so criteria stated us i ng ou r SO and 
that of HMO so. 
The only exception to the so criteria not included i n 
Class F. 
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5.3. K-REGIOR BOllI) RDCTlVITY 

The calculated K-region bond react ' . t . 
lVl les are given in Tabl e 

5. The carcinogenic 1I01ecules are IIOlecul V 
e8 , XI, XII, XIII, 

XV, XVII, and XVIII. The X-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 IC-reqion bond reactivitY of the 

carciDOCJeD JIOlecul.. i. less tban -1.123. But, careful 

exuination of the resul ts shows tbat SOM of the 

carcinoqenic coapoundS a1.o baa¥.' ftl __ I ... tI:aalt -1.121. 

non-

In calculating the bond reactivity we considered the total 

bond overlap density (0' and 1'). The correlation coefficients 

relat i ng R.a' with the X-region total bond order, and I'-bond order 

are 0. 80, and 0.99, respectively_ The K-reqion Ru' is in better 

agr e ement with the calculated I'-OOnd order than the total bond 

order. This shows indirectly the iaportant role of I'-bond in the 

r eactiv i ty o f a bond. If we compare the bond react i v i ty 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-REGIOII ~ ClRDBRB 

The calculated total bond orders and the I'-bond orders are 

1 isted in Table 5. 
In add! tion to this, the a-bond order, 

calculated as the difference of the two bonds, are · shown. 

the carcinogenic co.pounds, i . e . o f 
The ... -bond orders of 

compound V, 

0.85, 0.86, 

XVII, and XVIII are 0.80, 0.81, 
XI, XII, XIII, XV, 

and 0 82 respectively. This r esul t 
0.85, 0.88, ., 
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shows that all the carcinoqenic collpounds have .. -bond orders 

greater than or equal to 0.80 , but it is found that some of the 

non-carcinogenic coapounds have If-bond order qreater than 0.80. 

For eJCaJIlple, molecule XIX has no carcinoqenic activity, but it 

has a calculated If-bond order in the X-region ot 0.87, which 

exceeds that of XV, an act! ve carcinogen. 

No siqnificant differences in the a-bond orden of the 

carcinogenic and non-carcinQ98Dic COIIpOunda are observed. Thi IS 

observation confor.. with the result we obtained above (sec. 

4.3), that is, a .. -~ 1. ~ for tM rllct1~ty of ". 

bond. 

5.5. J:-RBGIOJf BOllI) OVERLAP POPOLM'Ic.I 

The result of the X-region bond overlap population calcula-

tion for the molecules studied is shown in Table 5. It is 

interesting to note that the x-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 X-region bond overlap populations 

greater than 1.026. As 
a result not all aolecules with a l{-

populatl'on exceeding 1.026 are carcinogenic. 
region overlap 



Table 5. 

COMPD 

I 

II 

III 

IV 
" v 

VI 

VII 

VI II 

IX 

X 

XI 

XII 

XIII 

XIV 

xv 
-

XVI 

XVII 

XVIII 

XIX 

XX 

XXI 

XXII 

f From 
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Calculated K-region SD indices (I ') SO ' d ' . 
using HMO (I)r ttl bo II: I l.n ices obtaine d 

.. J: ,oa nd order (Wu), lI'-bond order 
(P~), overlap bond population (P~-), bond reactivity 
(R~) I and a-bond order (Pun. 

K-REG. IIC' IIC RA8 P~- WUI PUI- Pu-
(1-2) -10.27 1.67 -0.997 0.951 1.44 0.67 0.77 
(1-2) -10.60 1. 87 -1.081 1.000 1. 61 0. 77 0 . 84 

(1-2) -10.55 1.99 -1.113 1.019 1.67 0.81 0.86 
9-10 -10.66 1.99 -1.141 1.038 1. 73 0.8" 0.89 

" "" . "' ' ,"" f-"~: ~ . 1.'Gll·' 1-2 -10.69 1.91 -1.123 1.69 0.80 0.89 

3-4 -10.70 2.08 -1.159 1.047 1. 76 0.86 0.90 

( 1-2) -10.58 2.08 -1.130 1.029 1. 70 0.83 0.87 

1-2 -10.68 2.00 -1.126 1. 028 1. 69 0.8 2 0 . 87 

1-2 -10.66 2.05 -1.147 1.039 1. 74 0.8 5 0 .8 9 

1-2 -10 . 32 1. 80 -1.018 0.974 1. 51 0.71 0 . 80 

6-7 -10.70 2.14 -1.166 1. 051 1. 78 0. 87 0 .9 1 

3-4 -10.70 2.06 -1.150 1. 041 1. 74 0. 8 5 0 . 89 

3- 4 -10 . 70 2.0 5 -1.1 56 1. 0 46 1. 76 0.86 0 . 9 0 

3 - 4 -10.7 2 2.14 -1. 1 68 1. 052 1. 78 0.8 7 0 . 91 

6-7 -10.73 2.17 - 1.153 1. 042 1. 74 0. 85 0 . 89 

4-5 -10.70 2.16 -1.165 1.049 1. 78 0 . 87 0 . 91 

6-7 -10.74 - -1.175 1.055 1. 80 0.88 0.92 

7-8 -10.70 1.98 -1.149 1. 043 1. 74 0.8 5 0.8 9 

6-7 -10.74 2.15 -1.165 1.050 1. 78 0.8 7 0 .9 1 

2.03 -1.149 1. 043 1. 74 0.8 5 0.8 9 
6-7 -10.69 

1.93 -1.102 1.014 1.65 0.79 0.86 
(5-6) -10.54 

2.20 -1.172 1.054 1. 79 0 .88 0 . 91 
6-7 -10.73 

Ref. 17 
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In Table 6 the K-region bond 
overlap populat i on ca lculated 

using eqn. 4.13 for some of the mOlecules stud ied are iste . 

It is compared to the K-region bond overlap l' popu atlon obtained 

by the SAMO method (using eqn. 4.15). 

As mentioned in the first part of this thesis, the a i m of 

this study is to develop an all-valence electron semiempi r i cal 

quantum chemical method for screening carcinogenic ' aroaatic 

hydrocarbons. As seen in Table 3 we have seven carcinogenic 

compounds. These are compounds V, XI, XII, XIII, XV, XVII, and 

XVIII. Using our suPei'delocal1zabllit.y 1l'Kllcea we tounct only 

five carcinogenic compounds out of the 22 compounds in Fig. 13. 

The five carcinogenic compounds are compound XI, XII, XI I I, XV , 

and XVIII. Only two compounds, V and XVII, out of the 22 

compounds do not obey the criteria stated using our s uper -

delocalizability indices. But, using HMO superde l oca l i zability 

i ndices we have four exceptions, molecules V, IX, XVI, and XVIII . 

Based on this result we can say t hat our s uperdelocalizability 

indices are better in predicting carcinogenic activ i ty of 

aromatic hydrocarbons. 

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

bond order, ~-bond order and bond overlap population, it is f ound 

that the calculated parameters for some of the non-carc i nogenic 

molecules are in the range of the carcinogenic mo l ecules. As an 

d XIV which has no carc inogeni c 
example we can take compoun , 

. bo d 0 87 bond overlap 
acti vi t y S8 but has calculated K-reglon 1r- n . , 

, ' t of -1.168, wh i ch exceed 
popUlation of 1.052, and bond reactlvl Y 

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

calculated parameters, with the exception of the superdelocal -

izability indices, si.ilar predictions are l18de as to the 

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

X-region bond reactivity, total bond order, .. -bond order, and 

bond overlap population listed in Table 4 carefully, one viII 

find that out of the 22 1lO1ecules, 17 are carcinoqenic in all 

cases. This shows tbat in detenaininq carcinoqenic potency, a 

factor other than the K-region total bond order, .. -bond order 
.,'" ' ." ~ .. ~\:~ r ... "."'.~-"'''''''". _ 

and/or bond overlap populattcm 4 be conaw.i'e4_ III otaer 

words, the K-region bond reactivity, total bond order, .. -bond 

o r der , and bond overlap population can not be used as react i vity 

par ameters in pre-screening aromatic hydrocarbons together or 

a lone. 

5.6. IONIZATION POTENTIAL 

In addition to the reactivity parameters, t he ioni zation 

pot ential of some of the molecules studi ed was a lso calculated . 

The ionization potentials obtained from the energy of the h i ghest 

occupied molecular orbital using KoopJl8ns' theoreJI
n

, Le., the 

. for occupied HF MOs are to be negative of the orbital energles 

interpreted as IPs. 

the Calculated ionization potent ials (I P) 
Table 7 shows 

ionization potential and the ion i za­
along with the experimental 

tion potential, obtained by 
The calculated ioniza­SAMO method. 

tion potentials differ fro. the 

expected using the CNDO/2 method. 

experimental, but this to be 

The CNDO/2 is an a l l-valence 

J 
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electron method which involves a number of approx i m t ' ons 

(section 3.3.1). However, as the correlation coeff icien s hows 

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 is consistent with vbat 1. obeet..a 

experimentally;9,60 • 
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Table 6. K-region bond overlap population of 

molecules calculated by CNOO/2 and s~~em~~h~~ s t udied 

COMPOUND P AB
OY 

( SAMe). 

II 1.262 

III 1.274 

IV 1.286 

IX 1.286 

VI 1. 293 

XI 1.292 

XII 1.,288 
. ' .. ' 

XIV 1.296 

XVI 1.292 

XVII 1.295 

f From Ref. 17 
9 From Ref. 18 

Py"(CMDO) CARCINOGEMICI~ 

0.951 -
1.000 -
1.038 -
1.039 -
1.047 -
1.051 ++++ 

l.. C).41 __ " ++ . ~""" -4' ..... I~--~ 
-'.'~ .~ ,,-

1.052 -
1.049 -
1.055 ++++ 

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

COMPOUND I ), (CNOO) (ev) I),(SAMO) (ev ) I A(EXP . ) ( ev )'l 

I 1 3.33 9.80 9. 25 

II 10.91 7.70 8.15 

III 9.48 6.30 7.37 

IV 10.62 7.40 7.86 

VI 9.60 6.40 7.47 

IX 9.49 6.50 7.55 

XI 8.93 5.90 7.19 

XII 9.66 6.50 7.80 

XIV 8.71 5.60 -
XVI 8.31 5.50 7.01 

XVII 8.72 5.60 -

q From Ref. 18 
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6.0. COMCLOSIOR 

The superdelocalizability indices ~e calculated have good 

correspondence with the experi.antally deterwdned carcinogenic 

acti vity of the 1I01ecules. The relationship of the superde­

localizability indices we calculated to the experi.ental 

carcinogenic reactivity is better than the superdelocalizability 

indices previously obtained usinq the HMO _thode The JIetbod we 

used to obtain the superdelocalizability indices has an advantage 

over the HMO method. In the aethod we used, there i8 no 
-;,'t,,~ ~ ... : 'If'. 

restriction on the geoutry ' ot the .,lecale to be abdied. ODe 

can treat any IK>lecule with an optiaized geo.etry irrespective ot 

i ts geometry, whether planar or non-planar. conversely, in HMO 

method one can study only IIOlecules 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 is calculated by 

considering the total electron density (0- and ~-electrons). The 

consideration of the a-electron density will enable one to study 

reacti vi ty of non-conjugated 1t01ecules and even aoleculea vi thout 

w-electrons. This is another advantage over the HMO aethod 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 

bo OUr results have closely 
carcinogenic aromatic hydrocar ns. 

demonstrated that the superdelocalizability indices can be used 

ti . t of aroaatic bydrocarbons. 
for studying the carcinogenic ac Vl. Y 
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But, it is difficult to use the calculated K- reg ion on o e r s , 

bond overlap population, and bond r eac t ivi t y as r eact i vi ty i n e x 

to differentiate between non-carcinogenic and carcinogen i c 

molecules. The reason is that the calculated va l ues obtained f or 

some of the non-carcinogenic compounds are in the range of the 

carcinogenic compounds. But, one can use the K-region bond 

reacti vi ty , total bond order, ~-bond order and bond over lap 

population together with other reactivity indices such a s the 

superdelocalizability indices, because they can give valuable 

information as to the reactivity of the given ~-reqion bond. 
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