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1. 

PREFACE 

Ghemists have lOl~ been interested in the electronic effects which 

influence the stl~ctural oharacteristics, stabilities, and reactivities of 

mole cule s0 In pdnciple, these electronic effects cau be directly calculated 

by solving the Schrodinger wave equation for the stationary states of the 

molecules eoncerned. Sinee exact solutions of the \.rave equation cannot be 

obtained as yet for any but the smallest moleeules, the main interest in 

modern quantum chemistry lies in the development of methods by which approxi­

mate, but realistic,., "lave functions and eigenvalues cau be calculated for 

isolated moleculeso Bath wave-mechan:l.cal principles and chernical "intuition" 

are used in the development of the simpler approximate metihods 0 

In this thesis, the use of the chemists9 concept of ELECTRONEGATIVITY 

in appro:ximate quant'Ulll""chemical techniques is explored, and electronegativity­

based methods are used to estimate the di st ri bu.t i on of electron densi ty in 

the ground states of isolated moleculeso In the procedures to be discussed,., 

the one-electron l'lave functions of a molecule are expanded as a linear com­

bination of atomic orbitals, and the electron distributions are discussed in 

terms of the "electron density" (or "charge densityil) associated with orbitals 

centred on the atolllS o Since it ldll be assumed that the total electron density 

in a mole cule cau he "assigned" to the various atornic orbitals,., the electron 

density' of an atom can he obtained by a summation over the charge densitiea 

of its atornic orbitalso In some instances, it ls simpler to eÀ~ress the 

electron density of an atoll in terms of its "net ll or "partial" charge,? that 

is, the electl'on density of an a'Gom in a ruolecule relative to the electron 



densi'ty for the isolatedl' neutral atome For non-conjugated molecules, the 

electron densities in the chendeal bonds are discussed by the "ionie eharacter" 

or "polarity" of a bond; these terms denote the extent of eleetron density 

transfer from one at om ta the other in the bondo 

Part l of this thesj.s ls concerned wi th the calculation of charge 

distributions in sat1.ll'A:1ied molecules by "electronegativity equalization" 

methods. In Part II, the concept ofelectronegativity is applied to some 

stalldard quantum-cheruioal methods which deal with cQnjugated pi electron 

networks. 
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PART l 

THE PRINCIP.LE OF ELECTRONEGATIVITY EQUALIZATION 

AND CHlIRGE DISTRIBUTIONS IN 

a~TURATED MOLECULES 



I. l HISTORICAL BACKGROUND 

Atamic elec1ironegativity ia a concept familiar to most ohemists. 

It was developed to systematize many empirioal observations related to the 

eleotronio effects of atoms in molecules. Pauling provided the first general 

definition of the property of electronegativity, and described a practical 

procedure for its evaluation (1,2,3). He defined electronegativity as "the 

power of an atom in a mole cule to attract electrons to itselfl! (3), and pro­

posed that atomie electronegativities could he evaluated from the dissociation 

energies of chemical bonds (1,2,3). Thè energy of dissociation, DLM of a 

purely covalent bond between tl-lO atome, L and M, was postulated to be equal. 

to the mean of the dissociation energies of the homonuclear diatOmie mole cules 

11 ahd MHo Although the arithmetie mean \·ras originally used by Pauling, he 

round that it Has sOlI1."ltimes necessary to use the geometrie mean (vlith the 
,:" 

alleali hydri,des for eJcsmple) in order '~o obtain realistic covalent diss 0-

eiation energies (3) 0 For each bond L:"M, a quanti ty termed the "extra iouic' 

l'es onanee. energy" ~11 ,.ras defined as: 

(1) 

By analysing the variations in the caleulated values of Lt.lI1 for a large number 

ofbo?ds, i,t vIas established 'I:;hat ·~he funetion (~)l/2 eould he represented 

as the difference het'toleen terms charaeteristic of the t'toTO atoms L and M (3) 0 

These eharacteristic atom terms \'lere assumed to he related to the eleetro-

negativities, X, of the atoms (3) by 

(lILi./2 
= 1( 1 XL - ~I (2) 

\-1he1'8 K is a constant., 

Only the relative eleetronegativities of atoms ean ha ealeulated by this 



equation. Mull1.lcen (4) l-laS able to establish SOlOO theoreticaljuatification 

for equation 2» his analysis will he discussed later. in this thesis. 

Shortly after Pauling proposed his schema,. Mulliken (5) developed 

an alternative definition of electronegativity. He considered the three 

structures, l, II, and III, included in the simple valence-bond wave function 

for a diatomic mole cule LM: 

1-M 

l II III 

Mulliken argued that the tHo ionic structures, l and III, would have equal 

"leights in the Have function cont,aining l and III and the completely covalent 

structure II, only under the condition that; 

that is 

\.J'here 11 and. Il'1 are the ionization potentials of the atolllB 1 and 1-1, and AL 

and ~1 are the corresponding electron affinitieso Under such a condition, 

the structures l and III occur in the uave function l·lith equal l-leight, and 

the net polarity of. the !rH bond is zaroo The elec·lironegativities of the 

atoms 1 and M must, therefor9, be identical in such situatiollso From this 

analysis, Mulliken auggested that the term (IL + AL) is a measure of the 

electronegativity of a.tOll L9 and gave the follouing definition for 

e1ectronegativity (5)~ 

x = L l + A I, _.1.1 
2 " 

(4) 

The 1/2 factor l·ras inc1uded so that XL represf-mts the average hindi.ng energy 



of an electron in the vicinity of atom Lo A more rigorous dal'ivation of 

equation 5 was later presented by Mulliken (6) and by Moffitt (7)0 Since the 

ionization potential and electron affinity required in equation 5 are those 

assooiated witb the atomic orbital forming the bond, "valence etate" (5,6) 

energies mùst be used in calculating IL and ALo Since the valence-state 

ionization pO'l;entials and e1ectroll a.ffinities are depandent on the nature of 

the atamic orbital considered, the term "orbital electronegativity of an 

atom" is used for the Mulliken electronegativities (8)0 An extensive set of 

Mulliken electronegativity values has been given by Skinner and Pritchard (9) 

and by ID.nze and Jaffe (1051 11))12)0 The latter authors established that the 

electronegati vi ty of an atiomic orbi tel is linearly depandent on i ts s 

hybrid:i.zation character (10) 0 

Hany other definitions of electronegativitYlI and schE'Jmes by vlhich 

electronegativity values can he computed)) have been giveno In soma cases)) 

these methods proceed by assigning a physical msaning to electronegativity 

and evaluating it on this basis ll ,.,hereas other scales are constructed by 

establishing a correlation bet'Heen some physical or chemical property of atoms 

or m01ecu1es and the Pauling or 11ulliken electl~onegativity valueso Many of 

these techniques have baen discussed in a revie,., by Pritchard and Skinner (13)0 

One electronegativity definition of the first type discussed above 

is that given by Sandel'son (149 15)0 He defined the "s·tability ratio~" S, of 

an atom in terms of its electron densitY9 D9 and the e1ectron density D~, of 

·the hypothetical inert. gas element Hhich ia isoelectronic Hi th the atom: 

S - .JL - tr 
D 

The electron densities are calculated from Z)) the number of e1ectrons 

(6) 



associated with the atom» and R,p the covalent radius of' the stom (1.5): 

D = ..3A • 
4 TT a3 

The stability l'a.tios for neutral atome were found to correlate with the 

Pauling e1eotronegati vi ties of the atoma (15): 

1/2 
X = 0021 S + 0077 • 

70 

(7) 

(8) 

The main use of stability ratio eleotronegativities has been in the calculation 

of appraximate charge density distl'ibutions for moleouleso 

other electronegativity scales have also been used to calculate 

electron distributionso Pauling established a correlation batlveen the 

difference in electronegat,i vi ty of the atoms L and N forming a single bond~ 

and the iome oharaoterll i LW' of the bond Hhich lvElS assessed from the 

molecular dipole morr~nt (3)g 

i l r=-'l (X - JL);( 
Ll1 = - exp L 4 L -14~ 

Hannay and Smyth (16) improved the correlation fi't for a series of diatomic 

mole cules by using the formula 

(9) 

i LM = 0016 Ixr. - ~I .. 00035 h -xl (10) 

SBveral correlations of the ionie character of single bonds 't.Ji th 

the electronegativity diffel'ence of the atoms forming the bonds hav'e baen made 

by the use of nuclear quadrupole coupling constants for halide moleculeso 

Gordy (17) assumed that the bonding orbitals used by the halogen atollS in 

forming single bonds Here pUl'e P.ll and established the relations 

(11) 



i LM = 100 • (12) 

Townes and Dailey (18) proposed slightly different relations to fit 

the srune datao Wilmshurst (19)p and Polansky and Derfllnger (20), have 

derived the ionie eharaoter equation: 

i LM = (13) 

Wilmshurst has used this expression to analyze quadrupoJ.e eoupling constants (19). 

Sanderson (15) developed an approaeh to the ealculation of molecular 

charge densi ty dis 'Ii ri butions by uslng his stabili ty ratio defini tion of 

electronegativityo He noted that since the effective nuclear charge of an 

atom \ihich acts upon the valence electrons decreases as the total charge 

density associated ,vith the atom increasesS) the abillty of the atom to 

attraot eleetrons g its electronegativlty.v must also decrease in the seme 

mannero The electronegativity of an atom iS g therefore g a function of the 

amount of electronic charge density on the atomo Although the functional 

dependence of el(jlctronegativity on atome charge had been noted previously (21), 

Sanderson lias the first -tio ful1y exploit the idea in the calculation of charge 

di.stributions 0 He advanced the the ory that charge transi'er l-lou1d OCCUT'Qst\-lsen 

the atoma in a mole cule unti1 the electronegativities of al1 the atoms .-lere 

identica1p Sanderson called this the Principle of Electronegativity Equallzation 

(1.5) 0 The intermediate value of electronegati vi ty for the atolllB in mole cules 

Has calctüated by taldng the geometric mean of the stahlli ty ratios of the 

neutral atomso By this techniqu8 g the partial charges of ato~3 in a large 

number of molecules vIere computed and correlated \üt.h many molecular pl~opsrties 

(1.5)0 



111e idea that atom electronegf.l.'ti vi tiea were direct functions of the 

atamic charges was extended by Pritohard and Sumner (22), and more fully by 

Iczkowski and Margrave (23)0 The latter authors decided that, since Pauling~ 

verbal definition implied that electronegativity is a potential, the electro­

negativity function could he defined as the first derivative of the energy of 

an atom with respect to the atom charge densityo Iozkowski and Margrave 

expressed the total energy, Et" of an atom as a fWlCtion of its .llil.t. charge, QL: 

( ) 2 3 
~ ~ ::: a O:r., + b Q1 + c ~, + 0 ft 0 (l4) 

The electronegati vi ty of the atom was 'bhen defined as 

Xr. (~) :::: - d (EX) ::: - (a + 2 b QL + 3 c QL
2 + 0 0 u ). (15) 

d (~) 

The parrur.eters a, b, 0, .. 0 ., were calculated by fitting the experimenta1 

ioniza:liion potentia1s, :for removing the valenco'-shell electrons of the atom, 

to equation 140 The charge densi ties in a few simple lllolecules were calculated 

(23) by using this electronegativity function (equation 15) to(;;sther ui th the 

Principle of E1ectronegativity Equalizationo 

Fe~eira (24) discussed a similar scheme in which the electro-

negativity equalization concept "!aS usedo The electronegativity lvas assumed 

ta he linearly depandent on the net charge of the atomo The parameters of 

the electronegativity function \o19re evaluated from the screening constants fèr 

the atoms (24)0 Ferreira estimated the dipole momentsv force constwlts and 

dissocia'liion energies of severa1 simple molecules by this technique (24) 0 

Jorgensen (25 v26) defined 'lihe Differentia1 Ionizat.ion Energyv DIv 

as the first, deriva'liive of the energy of an atjom,9 E1.l Hith respect to the 

net atomc charge)l Q1: 



c 
100 

o " 0 (16) 

This functioni resembling the electronegativity definition of Iczkowski and 

Margrave, was a1so used to estimate the charge transfer in some small molecules 

by meana of the electronegativity equalization concept (26)0 It was noted that 

the ionic characters calculated by this procedure for bonds which are usually 

considered to be almost campletely ionic were much smaller than expectedo To 

overcome this deficiency, Jorgensen extended the definition of the differen-

tial ionization energy to include terms for the energy of attraction of 

opposi teJ.y-charged atoIllB (26) 0 

Hinze, ~1hitehead and Jaffe (8) proposed an elect,ronegativity 

function \.Jhich ia similar to that of Iczkowski and Margrave, but lvhich 

emphasizes the atomic orbit.a.l nature of e1ectronegativityo It was assumed 

that 

1) the charge density associated with an atomic orbital can have 

both integra1 and non-integral values ll 

2) the energy of an atom can ha expressed as a continuous and 

differentiable function of the charge density assoc1ated \'lith auy of 

its atomic orbitalsll and 

3) the variation in the energy, EL' of an atom L with changes in 

the charge densi.ty, njJl of one of its atondc orbitals, ~ j)) can ha 

adequately expressed by the use of a three ter.m series in n
j 

: 

(17) 

The constants a
j

, bj , and cj for each atomic orbital \Vere calculated using the 

thl~e estimated valence-state energies (27), for n
j 

= 0, 1 and 20 The 



electronegativity of an atomic ORBITAL of v.n atom was then defined as the 

first derivative of the atom energy with respect to the charge density of 

that orb:l.tal (8): 

Xj (nj ) = b
j 

+ 2 c. n. D 

J J 

110 

(18) 

The parameters b
j 

and c
j 

for an atamic orbital are related to the ionization 

potential~ Ij' of the orbital~ and Aj' its electron affinity (8,28) by: 

b. = 3 Ij - Aj J 
(19) 

2 

and 

c j = A - 1..1 :.:1- (Jo 
(20) 

2 

The orbital electronegativities of unocQupiedp singl~occupied and doubl~ 

occupied orbi tals lvere then defined~ 

(21) 

= l (I j + A.) 
2 J 

(22) 

and 

Xj (n. :::; 2) = b. + 4 c. = l. (3 Aj - 1.) " (23) 
J J J 2 J 

The electronegativity of a singl~occupied orbital, ~ (Ij + Aj)' is 

identical to the Mulliken definition,9 equation 50 

Hinze et 810(8) stated that their electronegativity definition was 

in the forro of 8 POTENTIALp and that since the potential se en by the electrons 

i.,rhlch forro the bond betiveen atomic orbi tals ~ j and ç6 le must ba equalll then 

the electronegativities of these tHo orbitals must ba iden·tical in the bond: 
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For a two-centre, two-electron bond in which each orbital initially 

contributes one electronp the condition of orbital electronegativity equali­

zation is sufricient to determine the ionic character, i jk, in the bond (8,28); 

i jk = Xk (1) - X, (1) (25) 

2 (c j + ck) 

where • (26) 

Since Hinze et al.were: able to calculate Ij and Aj values ror orbitals or: 

atoms in which the other valence-shell atom1c orbitals ror.med partially ionic 

bonds, the electronegativities of GROUPS or atoms could also he assessedo 

For example, the electronegativity or the methyl group.? H
3

Cp \.,ras determined 

by first calculating the ionic characters or the ~H bonds by equation 25.11 

then determining the ion1zation potentinl and elect.ron afrinity of the singly-

occupied, non-bonding valence-shell orbital of the carbon atom, and hencs the 

electronegativity of this orbital by equation 220 B.y this technique, the 

electronegativities of Jl large nwnber of organic functional groups were 

determined (8) 0 Huheey (29) has used an approximate forro of the mathod of 

Hinze et al.to calcuJate electronegativity functions for 99 common inorganic 

and organic groupso 

Attempts have been made to establish values for the erfective 

electronegativities of groups from various types of experimental data ror 

molecules (13)0 For eicamplej) Shooleryet al, (30p3l) used the ,!2roton nu.cl.ear 

~netin r-s§lOlw.n,mLQb..emical sh;!,fi; of the hydrogen atoms in the general type 
. 

of mole cule CH
3

CH2R to determine the electronegativities of groups Ro B.y 

analyzing the infx.areQ..stret.cbing f.reQ!lencien. or the carbonyl group in a 

number of moleculesp Kagarise (32) attem.pted to find a relation batueev. the 



effective electronegativity of a group and the electronegativities of the 

atoms which form the groupo For a substituted methyl group, -cr1Z,. he was 

able to show empirically that the relation 

held quite well (32). 

(27) 

Whitehead and Jaffe (33) combined the group electronegativity fotmula 
of Kagarise with the electronegativity values of Hinze et alu (8,10), the ionic 

character expression of Gordy (equation 11) and soma nuclear QYadrupole"eou~ 
constants to calculate the charge distributions and halogen atom bonding 

orbi tal hybridizations in a number of group III.? IV and V haUdes 0 The ionie 

eharacter formula of Gordy I·ras used since i t was believed to approx:i.mate 

610sely to equation 25. In these ealculationsg the hybridization of the 

central atoms in the halicl.es was estimated using the e:lcperimental bond angles 
in these molecules (33) 0 Gils on (34) repeated s orne of the calculations by 
estimating the carbon atom bonding orbital hybridizations from 13C - IH NoM.R. 
eoupling constants rather than the bond angles. 

The concept of eleet,rouegativity equalization in moleeules has 

been discussed in terros of molecular orbital theory by Klopman (35,36)0 He 

noted that a mole cule will aehieve maximum s'~abili ty when the potentJ.als 

around eaeh atom in saeh atomie orbital are equalizedo Klopman defined this 

potential as the first derivative of the energy of a IDP,J,eculs m.th respect to 

the atomic orbital charge densi tyo Hanes for two orbi tals ri> j and c} le in 

a Inoleeuls.? 

d (E ) _ mQJ,ecul.e d (E molecll,le l (28) 
à(n1 ) 



i and nk are the charge densi ties due to electron i in orbi taIs 

cf:> k (.36) 0 Such orbi taIs were called EQUIPOTENTIAL ORBITALS, and 

Klopman noted that equation 28 agrees with the principle of electronegativity 

equalizationo 

Klopmanus use of the eIectronegativityequalization ooncept differs 

from that of Hinze et aIo(8) in several wayso He has insisted (.35,36) that 

the potential around each atom in each orbital must be calculated by using a 

function which represents the total. mole culaI' energyp whereas Hinze et alo 

defined this potential by reference to the energy function for the ~ con­

cerned(8).. He a1so objected to HinzeJ) Nhitehead and Jaffeos use of the srune 

function relating a.tom energy ,.,ri th orbital oharge densi ty for situations in 

vlhich the orbital is partially occupied by one electron,9 and for situations 

in \.Jhich i t is partia1ly occupied by t\.JO e1eetrons (.35) 0 Klopman developed 

alternative atom energy schemas, and incorporated these into a moleeular 

orbitalmsthod based upon the concept of equipotential orbitaIs (.35,36,.37,.38)0 

In this method, the "neutral eleotronega-tivity" of an atomic orbital appears 

as a part of the diagonal elemsnts of the Hamil'tonian matrix (.35,.36,37) 0 

Sinee 196.3p the Hinzep ~Vhitehead and Jaffe mathod of eleetro­

negat,ivityequalization (8) has been used suceessfully by several workers to 

estimate group electronegativities and to establish correlations of these 

e1ectronegativities i.,rith molecular properties (.39,940.941)0 The function . 
relating atom energy to orbi.tal charge has also been used as a basis for 

empirical calcu.lation schemas in Hhi,ch 'the molecular energy function includes 

atom energies.9 electrostatic a'ttract:i.on energies beti-leen partially charged 

atoms (L~2) .II and covalent bonding energies (4.3p44y 45) 0 Until nOHp hO\oJt:lverp 

thel'e have been no attempts to usssss the validity of the molecular charge 
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density distributions which can be easily calcu1ated using 'the Hinze, Whitehead 

and Jaffe methodo 



10 2 THE THEORY CE' ELEC1'RONEGATIVITY EQUALIZATION 

10 20 A INTRODUCTION 

The wave function~ ~ D for a molecular system i5 a solution of the 

Sbhrodinger equationp 

~ ~ = - -iL 2L~ 
i. "àt" 

(29) 

o 
where H is the HAMILTONIAN OPERATOR for the rnolecule p t represents tirne~ 

11 =.lL where h is Planckvs constant, and 
21T 

Since~ in the systems to he considered the potential energy is not dependent 

upon time,9 I may he l"rrit.ten as a product of tHo Have functions~ ona of whichy 

is depandent upon the space co-ordi.nates p and the second of which)) 

is dependent upon time (.46) ~ 

~ = ~C ~T (30) 

\.Jhen this product is substi tuted for ~ in equation 29~ the Schrodinger 

equation is separable into two wave equati.ons (46)0 One such wave equation 

represents the behaviour of the molecular system 'Vlith timeo This relationship 

is not of primary interest in this studY9 and attention will be focused on 

the second l'laVe equationj) from which the molecular energY9 E )) may be 

obtained~ 

" (31) 

o 
The He.miltonian operator)) H II may be expressed in tSl"IllS of 

Laplacian opeJ:'utors~ V ~ and '" ~)) for the nuclei, Œ,9 and the electrons 9 

u, of the molecule,9 and in terras of the potential energy.9 Va The potential 
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energy of the mo1ecu1e i8 given by the tote1 Coulomb elec~rostatic interaction 

between 0.11 pairs of charged particleso In Cartesian co-ordinate8, the 

Laplacian ope rat or i8 defined by~ 

If Ma represents the mass of nucleus ap and mo ia the electron mass, then the 

Hamiltonian is 

L 
2m o 

2 
"Va + V /1 

The summation from a = 1 to a = ~ ia over 0.11 the nue lei, and that frOID 

a = l to a = b is over 0.11 the eleetronso 

vllien mole cules are eonsidered quantmn-mechanically, the BORN-

OPPENHEIMER APPROXIMATION is usua1ly used "lio simplify the mathematical treat­

ment of the wave equation (47)0 The time-independent \.,ra.ve equa.tion ia then 

solved first by assuming that the positions of the nuelei are fixedo Under 

this assmnptionp the e1ectronie "\-lave equation i8 (47): 

t b ~2 - L ...M­
âSl .<.mo 

2 + 
'Va Il 

Both the ELECTRONIC WAVE FUNCTION,9 f ,9 and the ELEOTRONIC ENERGY~ E, e 

are dependent upon the positions of 'the nue1ei o The wave equation for the 

nuclear motion ls 

~ n o 

In this \.,rave equation,9 9? describes the motion of the nuelei,? and E is n 

used as the potential energy funetion (47)0 



18. 

The essence of the Born-Oppenheimer approximation i.s that the energy 

E. found by solving equation 35 is Il good approximation to the energy E of 

the original SChrodinger equation, and that the product of the "lave functions 

9? and g? is Il good approximation to the actual wave function ~ C: e n 

(36) 

The Born-Oppenheimer approximation works quite well for isolated molecular 

systems, since the nuclear motion is much slower than the motion of the 

electrons (47) .. 

Since, for all but the smallest of molecules, it is extremely 

difficult to solve the wave equation exactly even when ·the simplifying Born-

Oppenheimer approximation is used, approxima:te methods are uauallyemployed 

to estimate '3? and e 
c c. 0 One auch approximate method is that of MOI.ECULAR 

ORBI TAL S .. In this technique, a one-electron Have function, Ié~ , called a 
~ 

MOLECULAR SPIN ORBITAL (MSO), is assigned to each electron a = l, • " .. b 

in the molecule (48). Each MSO, in turn, is the product of a space wave 

function, *~, called a MOLECULAR ORBITAL (MO), and an electron spin wave 

'Y\ ~. 0° function, ' ... 

'X ~ = * ~ (x, y, z) '1 ~ (s) 
~ ~ • 1 

(37) 

where a denotes the spin co-ordinates of the electron .. 

The electronic wave function, SI? e' is an antisymmetrized product 

of the MSOs (48): , 

'ie= 1. J(, 
-'\lbT )/:J.. 

'-1 

D 

" 

, 

() 

" Ir 

" 0 

o " 

, , 

" (38) 
1 1 

(J _)C t
" 
/II 
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where b is the number of electrons in the moleculeo A l.inear combination of 

deter.minantal products ia used to approximate ~eo Each product represents a 

different configuration of occupied molecular orbitaIs j.n the moleculeo The 

ground state of a diamagnetic molecule is usually weIl represented, however~ 

by the single configuration in which the b electrons occupy the b molecular 

spin orbi tals of greatest energetlc stabili ty (4.8). In this study, no 

interaction of this configuration with excited states is considered. 

The molecular orbitals o/i are UBually obtained by expanding o/i 

as a LlNEAR COMBINATION OF ATOMIC ORmTALS (LCAO) cp u: 

v 
,Ir = ~ 
'1 -­u=l 

(.39) 

, ... here the coefficients, ciuP are found by minimization of the electronic 

energy with respect to these coefficientso In general, the accuracy of the 

MOs increases as more members of the complete basis set of atomic orbitals 

are used, although in the simpler MO methods, only valence-shell and inner~ 

shell atomic orbitals are considered in the expansiono 

In all subsequent discussions, the usual pract,ice of ter.ming both 

"molecular spin orbi taIs" and "molecular orbi tals" aS g simply~ "molecular 

orbitaIs" will he adoptedo 



10 20 B MOLECULAR ORBITAL THEORY OF ELECTRONEGATIVITY EQUALlZATION 

Kl.opman (36) has noted that the minimizatioll of electronic energy 

in a mole cule leads to the fol.l.owing condition for two atomic orbi taIs cP u 

and ~ v ~ 

200 

(40) 

In this equationl' a llu represents the contribution of electron a to the total 

electronic charge density~ n l' 
U 

associated with atomic orbital qJ u in the 

mole cule 0 Klopman has suggested (36) that if the orbital electronegativities 

are identified 'vi th the terms Ô ,Iii then equation 40 is equi valent to 

the principle of electronegativity equalization.. Unfortunately~ it is difficult 

to formul.ate a general electronegativity function on this basis~ since the 

relationship between the electronic energy and each orbital charge density is 

quite complicatedo 

In order to formulate an electronegativity function 'vhich is conveni-

ent for calcul.at.ions.9 and \-Ihich is derived from atomic properties~ it is 

necessary to f'implify the expressi.on for the molecular energyo A 

convenient definition of electronegativity can be derived if it is possible tO 

fI. eJo.:pand the molecular energy.9 E.9 of a molecule as a sum of tenus which are 

characteristic of the component atoms of the mulecule: 

E = 2:= 
1.=1 

o 0 0 n ) v (41) 

In this expansion, each tem ~ is depandent upon the orbital charge ~ensities 

li:1'his expansion i8 analyzed in Part 10 20 Do 
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o 0 n v of only the atou.dc orbi tals çz5 u 1} 0 0 0 c> çf v assoeiated 

with the atam Lo If the expansion in equation 41 can be made~ it is possible 

to define an ORBITAL ELECTRONEGATIVITY funetion,9 XuS> for each atome 

orbi tal cj u: 

.. (42) 

The electronegativity equalization conditions which result Sl if the 

expansion in equation 41 and the defini tion of equation 42 are used in a. 

Dlolecular orbital methodSl have been discussed recently by Baird.9 Siche 1.9 and 

loJhi tehead (49).. TIlese authors analyzed the electronegati vi'~y equalization 

conditions by using the variables nuij) the contribution to the orbital 

charge density n from the molecular orbital ~. SI and N . .9 the total u 1 l 

charge density associated with the molecular orbital o/io Hence,9 

n . 
Ul 

and 

for each AO çJ ~ 
U 

for eacll MO o/i' 

'~ofhere it has been assum.ed in equation .44 that al1 of the charge density in a 

molecule has been completely divided batween the a'l;ams 0 llie total molE1cular 

energy.9 may be minimized with respect to each n. (which is eq~valent 
Ul 

to minimization ,vi th respect to the coefficients of the atomic orbi tals in 

the occupied molecular orbitaIs) subject to the restraints in equations 43 

and 44 by defining a neH func"tion F~ 

li' ::: E + 1-
i=l 
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The parameters Ài are undetermined Lagrangian multiplierso If F is 

minimized with respect to each nuip then for a given nui the following 

condition results: 

o = 

From the expression for nu 

( à~) à nui 

= ( JE) 
'n. o u~ 

in equation 4Jp then 

= 1 

(46) 

and from the expansion of E in tenns of Et in equation 41,ll and from equation 

42ll then 

= = X u o (48) 

By substi tuting these tl-TO relations luto equation 469 the energy minimization 

condi tion can be re\.Jri tten~ 

o (49) . 

~u 

The condition expressed in equati.on 49,1l that Xu = \!i applies to all atomic 

orbitals and to all molecular orbitals in the moleculeo In general,9 therefore9 

the electronegativities of all the atomic orbitals must be identicalo Modifica= 

tions of this principle Hill he discussed ln the materi.al to be presented la.tero 

In order to calculate molecular charge distributi0ns by this 



principle of electronegativity equalization~ it is necessary to specify the 

fOrIn of 'the energy funotionsp ~p associated with each atom 1,9 and thereby 

to specify the nature of the electronegativity functions of equation 420 As 

a firet approximationg the terms E.L could be taken to he equal to the 

funetione which express, the energy of ISOLA'l'ED (non-bonded) atoms in their 

valence states as a funetion of the charge dsneities of their atomic orbital~ 

The orbital eleetronegativities to be equalized in the moleeule are then the 

firet derivatives of the isolated atom energies with respect to the orbital 

charge densities. 

There ars,!) however,l) several objections to the use of such a definition 
. 

of electronegativity 'Vüth the principle that aIl the orbital electronegativlties 

in a mole cule are equal~ 

i) it is impossible~ in generalp to achieve numerical equality of the 

eleetronegativities of all the occupied a'tomi,c orbitals in a mole cule 

'VJithout violating th!;) condition that each orbital charge density,l) nuS' 

should lie bat1ITeen the Hmi ts 

The origin of the difficulty is that the elec'tronegativi'ties of the inner" 

shell orbi taIs are ex,tremely high ll and i t ia impossible in most instances 

to find a moleeular charge distribution in \.;hich the X
u 

fol' these 

orbitals are equal to those of the valencEFshell ol."bi.tals; 

ii) since the orbital electronegativity functions contain no interatomic 

terms,l) and sinee the electronegativities of all "bhe atomic orbitals are 

constrai.ned to be identical in the moleeuls,!) the molecular charge dis~ 

tribution generated in sueh sehenills i9 comp16tely independent of the . 
nature of the bondip..g in the mole cules 0 Chemically inequi valent atoms 



of the sa.me atomic number in a mole cule would be predicted to possess 

the sarna oharge density oharacteristicsp and all the atomic orbitais of 

an atom which are of the sa.me principal and azimuthal quantum number 

would necessarily have the sarna charge densityo 

These difficulties may be overcome by placing certain limitations on 

the extent to which the orbital eleotronegativities are equalized in a molecule o 

Huheey (39) has used a schema which effectively equalizes the el~ctronegativi-

ties of only the atomic orbi tals which are considered to be "bonding" in a 

mole cule 0 HuheeyVs method overcomas the first difficulty (although in a 

rat/her arbitrary manner),\) but doss not relieve the second difficultyo 

One method by ,·rhich electronegativi'ty equalization conditions)) 

compatible with the atom energy based electronegaUvity functionsJ) may he 

obtained is through the concept of the ~~ chemical bonda In this 

conceptp the electron density in a saturated molecule is assun~d to be dis-

tributed between the atoms in such a 'vay that a number of t\.ro-centre» tvlO-

electron bonds are formed!) ruld the remainder of the electron density is 

assigned to one-centre molecular orbltals \"hich are localized on the various 

atoms 0 Each bond is formed by 'the combinat.i,on of tMo atomc orbi tals» one 

orbital from each of a pair of atorus which are "neighbours" in t,he mole cule 0 

Each bonding atomic orbi tal,9 which may bé onE< of the original S,9 p» d.9 000 

orbitals of the atoms,9 or hybrids thereof.9 is assurood to participate in only 

one occupied molecular orbi tala The concept of the t\vo-electron9 tuo-centre 

chendcal bond has been studied by Iuolecular orbital theoryJ) and has been 

found ta be vaUd to a fair degree of approxi.mation for vadolls saturated 

molecules (50,11 51) 0 

The localization of the molecular orbi.tals to give tVlCT"Centrs!) 



two-electron chemical bonds may be illustrated by considering the ammonia 

Inoleculeo If it is assumed that the nitrogen atam uses four valence-she11 

sp3 (or tetrahedralp terl1led IIte ll ) hybrid orbitaIs for bondingp and the 

hydrogen atom:3 use Is orbi tàls; the localization procedure leads to t\vO 

one-centre, "lone pair" molecular orbitals (one for the inner ahell electrons 

of N, and one corresponding to a doubl~occupied te atomic orbital of N) and 

three two-centre, two-electron bondso Each two-centre N-H bond corresponds 

to a molecular orbital in which the ls atomic orbital of one H atomp and 

one te ol"bitial or the nltrogen,ll are paired togethero 

loJhen the localized bond concept i8 combined , ... ith the electro-

negativity equalization theory given above,? equations 43 and 44 are alteredo 

If the atomic orbi tals involved in these equations represell't the hybrid atonrlc 

orbi tals ,.,rhich participate in only one localized molecular orbital, then the 

summation in equation 41 over all the occupied HOs from o/i to o/j involvf;3s 

only one termjl that for the specifie MO in ",hich AO cp aetually participateso ___________ •• = n :== =- ___ _ 
In addi tionjl the Stull over a11. t·he AOs used in equation 44 to caleulate No :is 

1. 

nml restricted to either one or t"l0 hybrid AOs.9 sinee eaeh localized molecular 

orbi tal excends over only one or t",o orbi ta.! centres 0 

nle result of applying the localization approximations to the 

electronegativity equalization condition expressed in equation 49 ls that» 

for a given HO o/j ~ only the electronegativities of the one or t,.,ro atomie 
----------------~,,---------------
orbi taIs ",hich participate in thi.s molecular orbital are requi.red to he 

-~---

identical and equal tor.... 0 Since no atomic orbital i.s presumed to parti ci-
]'" 

pate in Inore th an oceupied molecular orbital,? the terms 1\.. for different 0/. 
~ 1 

need not be identical aceording to equaiiion 490 The net. affect of t.rea.ting 

the moJ.ecular orbitaIs as heing completely independent and localized is that 



a less general condition of electronegativity equalization is establishedo 
This "sub-condi tion" of ·the general principle of electronegativi ty equaliza­
tion ia actually the one vrhich was used by Hinzep Whitehead, and Jatfe in. 
their technique (8)~ and is the form employed for the charge density 
distributions reported in this studyo 

In general" the use of the "restricted'" electronegativity equaliza­
tion condition in schernes which use electronegativity functions based upon 
isolated atom energies is superior to the use of the general equalization 
principle for the following reasons~ 

i) numerical equa.lization of ·t.he e1ectronegativities lvithin eacll 

localized molecu.lar orbital can general.ly be achievedJ) 

ii) the chemical concept of the hlo-electronJ) tlvo-centre bond is 
retained)/ as are the concepts of the inner··'6he11 and 10ne'N'pair e1ectrons.9 

and 

iii) since any J.ocalization of the molecular orbitals in LGAo-,MO 

calculations ia depandent on the intera·tomic energy terms, and since no 
interatomic energy terme are included in the bond electronegativity 
function used,9 the localization. effects must be introduced before the 
calculations are madeo The use of a "restricted" equalization procedure 
achieves this localizati.on .. 

In summary,9 i t appears that the approximation of localized chem1.cal 
bonds must ba made in approximate electronegativity equalizution theories in 
order to partially compensate for some of the ot·her approxiIll'ations invokedo 
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10 2. C THE CALCULATION OF MOLECULAR CHARGE DENSITY DISTRIBUTIONS' BY 

THE ELECTRONEGATIVITY EQUALIZATION PRINCIPLE 

One of the main objectives of this w'ork ia to establish the extent 

to which molecular charge density distributions calculated by the electrO"" 
'" 

negativity equallzation method of Hinze)) Whitehead» and Jaffe are compatibl.e 

with chemical evidenee for inductive effects ln saturated moleculeso For 

this, it is necessary to establish the constraints on the orbital charge 

densities which result from electronegativity equalization eonditionsu Very 

general conditions for the molecular charge density ean be established for 

any electronegativi.ty equalizati.on schel118 i.n Hhich the electronegativities 

of the atoms (or orbi'~als) are assl.Ulled 'Lo be linearly dependent upon the 

electronic charge of that atom (or orbi.tal)o 

General Relationships 

In order to establish molecular charge di.st,ributions usi.ng the 

electronegativity equalization princi.pl€l» the nature of the filllCtional. 

dependence of electronegativi.ty upon charge must he establishedo Such 

relationships Hill he termed BOND ELECTRONEGATIVITY functions (8) 0 Most of 

the bond electronegati vi ty function5 whlch haye been proposed to date cau he 

expressed by the general relation 

(50) 

'!tIhere Xr. is the electronegati vi ty of the atom or orbital L p F
L 

and G
L 

are bond eleetronegativity function parameters for L9 and C2.L is some mensure 

of the electronic densi ty of I.o 'Ihe term QL represent~ the NET charge of 
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the atam or orbital L,I) ~ its total electronic densityo When the magnitudes 

of the ter.ms FL, le ,and ~ are caleulated, it is found that the eleetro­

nega"lJivity of L decreases as the electronic charge density of L increases. 

By the principle of eleetronegativi ty oqualization, the XL in 

the set L = Ip 0 0 0 u M are aIl required to be equal to the sarns 

. value,? /l, in the moleeule considered~ 

for all L = 1, •• 0 .M. (51) 

A general formula for ft may be found by div:Lding eaeh side of equation 51 

and then summing the tenns on eneh side over all L = l, o 0 0 .M : 

xâ t (.L ) = k (~) + le t QL 
1=1 GL 1=1 

(52) 

or,? 

Xi\: = t ( :~-) + k t Q1 
I..=l 1=1 

Sinee the sum from L = l to L = M of the tenns QL is ah.,rays knmm,l the 

~ 
.L... QL may be re plaeed by .i ts knoun value li Q: 
1=1 

summation 

xIt = 't (~J + le Q 
1=1 

... _--- (54) 

t (*) 1=1 

If eaeh QL represents the net charge of L,I) and llll the atoms (or orbi tals) 

L in the molecule are included in the smrunation fram 1 to M.fI then Q 



represents the ~ charge of the molecule. If each ~ represents a total 

electron density, Q is the total electron density in the molecule. 

Provided that the terms FL and F G have been evaluated for 

each L, fs. X may be calculated for any mole cule by equation 54. Once the 

29. 

magni tude of Xit is Imoim,? each QL may be calculated, since from equati on 

50, 

(55) , 

In Sanderson's method of electronegativity equalization (15), the 

parameters FL and GL are related as: 

1/2 
GL = (FL) (56) 

and for this casel' the formulae in equations 5L~ and 55 for J!x and ~ may 

be wri tten more simply: 

t 
L=l 

• • p (57) 

~ 
1=1 

Sanderson did not derive a general formula for yf! in,his uork, 

but assmned that the geornetric mean of all the FLin a rnolecule vIas a good 

approximation for J!x (15) 0 The analysis which follovls indicates that 

the expression for ~ in equation 57 does reduce to the geometric n~an of 

the F L uhen El cliatomic molecule is considered,? but does not reduce to 
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geometric mean for larger sYl3tems~ 

For a diatomic mole cule LM~ 

J!l 
l/2 1/2 

• = (FJ) + (FM) • • 
1/2 1/2 0 

~) + (F~_ 
1/2 

(F F ) L M 
l/2 r 0 (F F) the ge omet.ri c mean of F and F 0 (59) o 0 == p L M L M 

The use of the geometrie meanp ra'~her than equation 57)) leads to only very 

small errors in the caleulation of xh for a molecule)) sinee the geometric 

mean is usuallya good approximation to the formula in equation 570 

In general)) the expressions for r and ~ in equations 54 and 

55 are qui te simple ,.,rhenever the eleetronegati vi ties of only two atoms or 

orbi'tals are equalizedo For sueh cases)) 

or, 

and, 

r F + ...:li. + le Q == -=.L.-
GL ~ 

J..... + l 
GL ~ 

tr ;;; FJ~ ~ + FkL~Tl + le Q ~r! 51 
GL + GM 

(60) 
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or)' 

QL = F -F +kQG~ M L "J1 
(61) 

• 

Two-Centre Bonds 

One of the properties of interest~ which can he derived from the 

charge distribution in a diatomic mo1ecu1e v is the IONIC CHARACTER~ i LMv 

of the L-M bondo This quantity is defined as the net w,n,sfe;r;: of electron 

densi ty between the atoms or atomic orbi tals 0 In this study.l> i LM vull be 

defined as the gain in e1ectron density of L relative to the electron density 

of L hefore bond formation~ 

i -LM - (62) 

In general~ the terms and nO 
"i..~1 

are related to Q by the equa'~:ions 

Q rP + 0 
QL + ~ (6J) ::: "llL QM = " 

The electronegativities of L and M for QL = ~ and ~ 
0 (that is = ~'1 

before bond formation) vJill be denoted as ~ and ~~ respectivelyo 

If the expression for QL in equation 61 is substituted for QL in 

equation 62~ an expression for i LM in tenus of the bond electronegativity 

function parameters may be determined as~ 

i LM = FM - FL + k Q 51 - le Gr. Q~I ~ le GM.. Q,L 

k (GL + ~4) 
o (64) 



Upon introducing the expression for Q in terms of ~ and ~ (equa~ion 

63), ~he ionic character may be related to the electronegativities of Land 

M before .bond formationg 

;: (Fu + k ~ ~) (FL + k ~! ~ 

k (GL + ~) 

(65) 

(66) 

and similarly for X; 0 lbe ionic character of a t~..ro=centl'e bond is then 

proportional to the electronegativity difference of the tHo centres before 

bond formation~ and is inverseJ.y proportional to the SUffi of the G parameterso 

Since this expression for i LM is valid for a tHo=centre bond in any of the 

electronegativityequalization schemas \..rhich use a bond electronegativity 

functio~ of the type defined by equation 50~ electronegativity equalization 

methods are in agreemant \üth the intuitive idea that ioni.c character is 

linked to the difference of electronegati vi tiss of the atoms 9 but are in 

disagreemant Vii th empirical schemas \Vhich usua11.y assume that there is a 

unique curve relating i LM to the electronegativi ty difference 0 

By intuitive reasoning ll \>lilmshurst (19) has derived an expression 

for i LM which is similar in soma respects to equation 650 His formula is 

expressed in te~s of Pauling electronegativitiesJ) xP ~ 



(67) 
" 

This srune formula can be derived from equation 65 if the following bond 

electronegativity functio~ i8 usedg 

(68) 

This function requires the equality of all electronegativities nt ~;::: -10 

If Hinze,\) Whi tehe ads and J affe 3 s bond ele ctronegati.vi ty functi on!) 

Xu (nu),\) for an atomic orbi tal ~ u of charge densi ty nu is used in the 

ionic character expression,\) equation 659 then 

i ;::: XO - XO 
uv .. '~ -lL (69) 

2(c + c ) 
u v 

since (8) 

X (n ) = b + 2c u .. u u u u u 
(70) 

For n tMo-electron bond forrned by atomic orbi:tals '-1hieh initial1y have one 

electron:J then 

and i uv 

XO = X (n ;::: nO ;::: 1) ;::: X (1.) 
u u u u u (71) 

is given by the formula of Him~e et 0.1.0 (8):> 

(72) 

In addi'tion to expressions for the equi..1ib:ra't;ed e1ectronegativ.ï:ties 

and charge densities in a molecu1e p an equa'tion for the extra ionie resonance 

ellergy eau be derived from the pri.llci.pl.e of eleetronegativity equalizatioll 

for a tMo=eentre bondo If the bond elect,rollegativity funetion in equati.on 50 

is defined as the first derivative of the energy of the atom with respect to 



34. 

the charge parameter QL,then the atom energy function must be of the form 

in which EL (0) represents the atom energy for ~ = O. Since no charge 

transfer between the atoms oceurs in the homonuclear diatomics 11 and MM, 

then the charge densities ~ in 11 and ~ in MM are equal to 

~ l'es pe ctively. The electronic energies of these molecules is, according to 

equations 41 and '73, 

Eu. = 2 [EL (0) + FLqz + ~ k ~ (~) J (74) 

and siIlùlarly for ~.. The electronic energy of LM, on the other hand" is 

given by 

Th e EXTRA IONI C RESONANCE ENERGY, L\M, is defined as 

~ = ~M - ~ (E.r..L + ~) 
Substituting the eJ~ressions for ~, ~L' and ~ given above into 

equation 76, then 

L\rv:l = FL (QL - ~~ +. FM (~-~) + ~ k E GL ~ 2 
- (~) 2 

] 

+ ~ ~ 2 _ (~~) ~) 
By substituting the relations 

and 

(76) 

(77) 

(78) 

(79) 



(80) 

together with the definition of i LM in equat,ion 62 iuto the expression for 

~M given above, then 

A - J.' (F + 1 Ir 0_ - FM - 1
2
. !r CL) ULM - LM ,1 21"~L ."~ + ,k irl (~ +~) Il 

2 

(81) 

The terra ~ may be 'lvritten in terms of the eleetronegativities of 1 and M 

by substi tuting the ionie eharaeter equation 65 into equation 81,9 

2 

~ = - (~ - ~~ (82) 

2k (~ + ~) 

The extra ionie resonanee energy, ~P is predieted by the eleetronegativity 

equalization msthod to be proportional to the square of the differenee in the 

eleetronegativities of 1 and M before bond formation)) and inversely propol""-' 

tional to the SUJU of the G parameters for 1 and Mo The expression for '1.M 
in equation 82 is similar to the relation developed by Pauling (3) \olho 

established empirieally that ~ is proportional to the square of the 

electronegativity differenee between 1 and Mo The eleetronegativity equaliza:~ 

tion relation for ~M differs from the empirieal one in that no un;iqye. 

relation bet\oleen ltM and the eleetronegativity difference exists.\> fi. similar 

situation to that fOUnd for the ionie eharacter o 

For the specifie case of the Hinze-Whitehead~Jaffe bond orbital 

eleetronegativity funetion (equation 70).\> the extra ionie resonanee energy 

equation 82 beeomes 

(83 ) 



( 
if the orbi tals r6 u and)l5 v are occupied in the valence-state of the 

free atom by one electrono Equation S3 has been derived praviously by Hinze 

(27) 0 

Bond Electronegativity Functions 

As indicated by equation 55, the principle of electronegativity 

equalization leads to a unique condition for the molecular charge density 

distrlbutions, when a bond electronegatlvity function of the type in equation 

50 is usedo In order to calculate charge distributions on tr.e basis of 

equation 55, the electronegativity function parameters F and 
L 

first be numerically evaluatedo This eVElluation may be achieved, for atomie 

orbital definitions of XL, by considering the functional dependenee of the 

atom energy upon the orbital charge densities, and using this dependence to 

derive the parameters on the baais of equation 420 

In the schema proposed by Hinze, \~iteheadjJ and Jaffe (8), the atom 

energy JS:, is related to -lihe electronic charge densi ty nu assoeiated vli th 

atomic orbital 

The dependence 

o on ) v 

of ~ 

q)u is included in 

by the relation 

2 = a.. + bL n + CL n LU u u U u 

upon the charge densi ties 

the terms ~uj) ~ujJ cLuo 

cr..u are obtained by fi tting equation 84 to the 

(84) 

of the orbitals other than 

The parameters aLu9 bLu9 

three energies, corresponding 

t,o n = 0, l, and 2, llhich Here calculated by Hinze et alo for the valence u 

state of the free atomo By defining the valence -state ionization 'potentialp 

and electron affinity A jJ as 
u 

(85) 
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A :: E 
li L (n = 2) - EL (n = 1) u u, 

(86) 

the n, 
J. bLu 

:: (31 - A ) 2 u u 
(87) 

cLu 
:: l (A - l ) 2 u u 

(88) 

~u 
:: ~ (nu -- 0) (89) 

and 

F~ (n) :: ~ (n :: 0) + 12 (31 - A ) n + l (A - l ) nu
2 

(90) 
-L u -J.., u , u u u, 2 u u , 

The bond electronegativity function for orbital cP u is then given by the 

expression 

. . 

~ (Elt (~, 0 U G 

x :: 005 
u 

d (n) 

on ) ) 
y 

:: b
L 

+ 2c
L 

n u u u 

" 
(91) 

An alternative relationship betvreen the atom energy and "the valence-

shell orbital charge densities has been derived by IClopman (35) 0 In this 

method, the energy of an atom is specified by three parameters, 
Br.u' 

and AL - defined as foJ.loviS: 

i) Br.u represents the energy of attraction betHeen an electron in a 

valence-shell atomie orbital cjJ u and the "core" of "~he atom L, vlhere 

this "core" represents the nucleus and completely filled inner shells of 

the atomJj 

ii) ~+ represents the energy of repulsion of tHo valence-shell orbital 

electrons of atom L~ provided the electrons have parallel spins, and 

iii) AL - represents the repulsion energy of hm valence-shell orbital 

electrons \oJhich have opposite spins e 

The energy of the atoIll,? relative to "~he energy of the core,? is then given by 
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c c >""= L+~ + l f ~ .L R + l ~ 
~u 2 a.=l a.=l b(~a)=l -~, ab 2 a.=l b{~a)=l 

(92) 

uhere ~ab' = l if electrons a and b have parallel spins 

if electrons a and b have opposite spins. 

The summations from a, b = l to c run over a11 the electrons in the 

valence-shell orbitals of the atom. 

The atom energy eJcpression of K10pman, equation 92, may be used to 

derive a relation betlveen the energy of an atom and the charge densi ty of one 

of its valence-shell orbitals, cf; u' ",hen this orbital participates in a 

t\vo-electron, tHo-centra chamicnl bondo If ~ut is defined as the energy of 

interaction of an electron in orbital cf> u Hith the core pl.us the electrons 

in the other valence-shell orbitals of atom L, then the relationship bet"18en 

EL (nu) and nu becomes 

F... (nu) = EL (nu = 0) + B fi. + 2 A --L nu Lu nu II-. 
4 

for an atomic orbital qJ u "lhich participates in a t",o-electron, two-centre 

bond. Note that since the tl.J'O electrons in the bond are necessarily of 

opposite spin, no term involving ~+ is present in the eJtpressiono The 

coef:'icient,9 nll,2, of the term ~ - is the probabili ty (according to 

4 
molecular orbital the ory) that both electrons in the bond occupy orbital 

g) u simultane ous lyo The eJtpression for \ given in equation 93 is a 

con'(jinuous function of the charge densit,y n, and may be differentiated 
u 

'\o1ith respect to 

CPu 

n to yield a bond electronegativity function for orbital u 

" 
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(94) 

It should be noted that it is necessary to specify that orbital cj u is in a 

condition of bonding before a continuous function between ~ and ~ can 

be written. 

Klopman maintains that ~ cannot be differentiated with respect 

to n 
u if ~ represents 

llie para.meters 

the energy of an atom L which is n.o.:Ii. bonded (35) 0 

:il -\u and AL of equations 93 and 94 may be 

evaluated from the knmm energies of an is olated,? ,Qon=.bQOOe.Q.. atom Lo For 

such an atom,? the differenee in atom energy betvreen the states \.JÏ th one 

el.eetron in >D u' and that with zero electrons in this orbital is the ioni~ 

zation potential of the 'orbital, and is equal to \uiI -:, 

B :tr 
Lu l u () 

Sinee the energy of a doubly-oecupied orbi tal ~ u is equal to t.he SUlU 

EL (n = 0) + l + A u u u ~ \vhere A is the eleetron affinity.9 then 
u 

= A - l u u 

(95) 

(96) 

The expressions for the atom energy (equation 93) and the bond eleetronegativity 

of the orbital (equation 94) may be r81vritten in terms of the ionization 

potential and eleetron affinity: 

and 

= E (n = 0) + n l + n 2 (A 1) L u u u U 1'1. - 11 

Xu = IJl + nn (An - 111 ) 

2 

4 

(97) 

(98) 



Since Klopman derived his atam energy scheme for use in molecular orbital 

th6o~y, the expression in equation 98 for ~ will be termed the MOLECULAR 

ORBITAL (MO) BOND ELECTRONEGATIVITY FUNCTION. 

40. 

The quantitative difference between the atom energy function and 

bond electronegativity function of Hinze, Whitehead, and Jatfe &ld that given 

above may be found by defining t'fo new functions ~ and Â"\: 

~ = ~ (HWJ) - Et (MO) 

~ = ~ (mlJ) - ~(MO) 

(99) 

(100) 

vlhere the su-::'script H\'lJ refers to the Hinze-vJhitehead-Jaffe expressions, and 

MO refers to the expressions given in equations 97 and 98. Then from equations 

90 and 97 

~ = Oo5n (1 - A ) (1 - Oo5nu) 
L u u u 

(101) 

and from equations 91 and 98, 

(102) 

Both terms, ~ and 4~~, increase in magnitude as the difference between 

the ionization potential and the electron affinity increaseo The energy 

difference is zero at the points r\l = 0 and ~ = 2, ia maximum at n = l, u 

and is symmetric about n = 10 The electronegativity difference is zero at 
u 

n = 1, where both bond electronegativity functions are equivalent to 
u 

Mulliken's electronegativity formula (equation 5) .. 

The physical significance of the differences betHeen the mlJ and MO 

atom energy and electronegativity functions may be pointed up by considering 

the values of ~ for nu = 10 For the MO de fi ni tion, ~ at nu = l is 

equal to (3/4 lu + 1/1r A~ Hhile for the HVIJ de~~nition it is simply Iuo 
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The MO energy at n = l ia equivalent to that for two electrons each spending 
u 

one-half the time in orbital cp u' wi th no correlation between the motions of 

li. the eleetrons. The HWJ energy at n = l, on the other hand, corresponds to u 

the sarna situation but \..rith a .Qgmp1ete correl~'Uon of the elegtrgn:lc IDotiQ.t\ 

sueh that if the first eleetron occupies ç6 u' the second electron must be 

present in the üther bonding orbital, and vice-versa. 1heJ1Q @.tom..energy 

f)mctigp undereatimates inter::c.rAital e;Wctron correlation while the HWJ 

functigp qyerestimat~s this p~g~rty, sinee the eleetronie motions are 

partially correlated (47). 

In the calculation of the Ionie characters of t\..ro-centre SI t\..ro-

electron chenùcal bonds, the formula given .in equation 72 may be used with 

both the m~J and MO bond electronegativity functiono Since the ~(~ = 1) 

of both definitions·are identical, and since from equations 88 and 98 the 

Cu terms are related as 

e (m-JJ) = 2 c (MO) u u (103) 

then the Ionie characters are related: 

= l i (MO) A 2 uv .. (104) 

The magnitudes of the Ionie ehuracters calculated by the HWJ and MO bond 

elec~ronegativities are then quite different, but are always in a constant 

ratio of 1:20 

nThat is, no correlation of the motion betWSAU the two orbitals. 
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1. 2. D COMP.ARISON OF ELECTRONEGATIVITY EQUALlZATION WITH MOLECULAR 

ORBITAL METHOnS 

Various integrals involving the a:tomic orbi tals cp u" 

must be defined before the relatlonships for ionic character and ionio 

• 0 

resonance energy obtained by the electronegativity equalization method can be 

compared to those obtained from semi-empirical LCAo-MO methods. 

"Couloinb" Integrals Cl : 
u 

=J ~ ~~ 0 

~u Cl H d~ u 
(105) 

"Resonance" Integrals ~uv: 

J' ~ u'k 
0 

rpv ~uv = H dit' (106) 

"OVerlap" Integrals S : uv 

Suv = J ~ufs. 
",here the integrations S d't' 

complex conjugate of cp " 

(107) 

are over all space~ and ~ fI. represents the 

The first attempt to i'ind a correspondence betv1een the electronega.­

ti vi ty concept of Pauling and the molecular orbital method vias made by 

Mulliken in 1935 (4)" By using a simple LCA0-MO scheme \'lhich did not, neglect 

overlap integre.ls, but \.,1hioh did not treat electron repulsion explicitJ.y~ 

Mullilcen found that the extra ionic resonance energy .6.uv associated \<li th a 

single bond bet\<lsen atomic orbitals ~ u and ~ v could he expressed in 

terrns of the difference in Coulomb integrals betv18en the atomic orbit.als (4): 
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4.30 

(a - a )2 (a a)4 2 
b. ;; - + (1 - S ) -. • 0 

uv :u. ;y;. U Il ]lX 
(lOS) 

4 Yuv 64 Y .3 
uv 

In this equation,ll 

Yuv 
;; ~uv - S (a + a ) .. 

-l.lJL u v 
(109) 

2 

Mulliken also showed that the ionie eharaeter of the bond could he written in 

terms of the differenee in Coulomb .integrals: 

;; - (a - a ) 
X u 

2 \v 
+ 0 (a - a).3 + v u o 0 fi 0 • (110) 

From these relationships betveen b.uv and i vdth (a - a), Mulliken uv v u 

as s oeiated the Pauling electronegati vi ty xP 
\-ri th the Coulomb Integral as 

follmoJsg 

" (111) 

In terms of an LCAQ-MO schema Hhieh does not explicitly inelude overlap 

integrals, Mulliken D s relations for I:l and i may be wri tten, for uv UV 

small differences betvJeen t,he Coulomb integrals)) as 

b. 
uv (112) 

(11.3 ) 

Similar relations ean be derived from Klopman Ds (.38) bonding energy expression,ll 

E , for a single bond~ 
UV 



E = (n
v 

- nv) (B il: - B iI:) + n 2 (A - + r, ) + n 2 (A - + r ) 
uv ~ _ u v. -Y- u uv -X- v uv 

2 4 4 

n n u v (114) 

In this equation~ the ternIS dt B..uiJ: dA"" correspon 0 -L an L 

which have been discussed in the previous section, and ~ is the resonance uv 

integral defined relative to the core Hamiltonian. The term r uv represents 

the negative of the energy of repulsion between one electron in orbital ~ u 

and one in orbital ~ v (38). 

Expressions relating the ionic character predicted by this scheme to 

the electronegativity dif'ference can be derived by re-Hriting the equation 

for Euv in terms of i uv' the ionie character of the tHo-electron bond 

bet"t.Jeen ~ u and ~ v" If the ioni.c charaeter is defined as 

i = n - 1 uv u (115) 

then 

(116) 

and 

n = 1 - i v uv (117) 

Substituting these definitions into equation 114, then 

(118) 

An expression for. i may be obtained by minimizing E tvith respect to uv uv 

i uv 



( , 

d(Eu,,) 

d(i ) uv 

Hence, 

i = uv 

- 2~ i llV~.uv 

~ 1-i--z uv 

• 

As indicated byequation 94, the terma ~u'\ + \~) 

450 

(119) 

(120) 

and 

correspond to Xu(l) and X (1) for the MO bond e1ectronegativity functiono v 
The tenns A - , 

J.L 
A 
..:!L. 

correspond to cu' c of the MO bond e1ectro­v 
4 4 

negativity function. Hence, equation 120 roay be re-written as: 

(121) 

This ionic character expression is very simi1ar to that obtained when the bond 
electronegativity function is used with the principle of electronegativity 
equalization (equation 72) 0 The i equations differ only in the term uv 

[
1'':lV .- ~ .. ~J1'[ l· present in the denominator of equatioll 1210 

1 1 _ i 2 
\j uv 

For 10\-1 

values of i uv' the tel~ ~1 - iuv
2 differs very litt1e from unit y, so 

that to a good approximation, the two equations for i differ by the term uv 
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,."hen iuv is lowo Since the parameters n, A 1 uv Puv 
are both of opposite sign to the parameters cu' Cv and sinee generally 
(38) 

the iuv of Klopman's schema will he greater in magnitude than those ealculated 
by the MO bond eleetronegativity funetion and the equalization prineipleo 

If ~ , the extra ionie resonance energy, is defined as the uv 
d:l,ffirence in bonding energy between the cases where iuv has the value gi ven 
by equation 121 and where i = 0, then an expression for ~ in terms of uv uv 
the eleetronegativity difference may be derived from the expression for E uv 
in equation 114: 

~ uv 
(B iJ. _ B :ft) + (2i + i 2) u v uv lW 

(A - + r ) + u uv 
4 

(Av- + l'uv) + 2 ~uv (;1"-- iuv 
2 

- 1 ) 

or, by using X(l) instead oi' the (rJ1 + i:..) terms,9 then 
2 

6uv i (~(1) - Xv(l») + i 2 (A - +A - f'uvJ = + 2 uv lJ.1l: u v 
L, 

2~ (jl-i 2_ 1) + uv uv 1> 

( , 2 2i ) 
.: uv - 'lJY.:.. 

4 

(122) 

(123) 

Substituting the iuv expression oi' equation 121 into equation 123, then 
D. beeomes uv 

where 

2 
D.uv - - (x (1) - X (1») ,nY 11. 

F uv 

+ 2~ (-'i-i 2_1) uv V l uv (124) 
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= Cu + cy + 005 f'uy - (2~UV:: j 1 - iuv2 

2(cu + cv) + ~v - (2~U11 vi - iuv
2

) 

/1 (125) 

The extra ionic resonance energy, fj, , is then directly proportional to uv 

the square of the electronegativity difference when the ionic character i8 

low, since in this case the teI'lllB (j ~ - i 2 - 1) is almost zero, and all uv 

the v<. - iuv 2 factors in the parameter Fuv are approximatelye'lual to 

1. 

From the above discussion, it can be concluded that both the electro-

negativity equalization method and simple LCAD-MO schemas lead to expressions 

for iuv and b. uv of the form 

iuv = ~.:l[ (1). - J<n (1) 
f 1 (u, v) 

b.uv = - (Xy (1) - \.(1») 2 
f 2 (u, v) 

for two-electron, t",o-centre bonds, ",here the functions f l (u, v) and 

(126) 

(127) 

f 2 (u, v) depend upon the nature of the orbi tals cp u and cp v and ll in 

the case of theequations from LCAD-MO theory, upon the nature of the bond 

formed by the orhitalso Ferreira has shown (44) that his semi-empirical 

technique for chemical bonds also leads to an iouic character equation which 

has the form of equation 126 aboveo 

Extensions of the Bond Electronegativity Function 

One approach that can be followed in attempting to extend the bond 
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electronege:iiivity funotioll so as to account for the interatomio terms included 
in LCAD-MO treatm.ents is to break: the LCAQ-MO expression for moleoular energy 
into ·~W'o parts, such that eaoh part ia an "atomic" term in that it is a 

function only of the oharge density of the atamic orbital asaociated with ito 
If this ia possible, then the improved bond eleotronegativity funotions, 

together l-tith the principle of electronegativity equalization, will lead to 

expressions for iuv and Âuv which retHin the general form of these in 
equations 126 and J.27 0 

For the aimple LCAo-MO method which does not consider over1.ap 

integrals or electron repulsions explicitly~ the molecular energy E for a 

t\vo-centre MO case may be \vri t ten 

(128) 

\-lhere Cu and Cv are the coefficients of atomic orbitaIs J6 u and ~ v in 
the doubl~occupied bonding molecular orbital~ and are related to the orbital 
charge densi ties ~ and 1,\ by 

= 2 c 2 nu u 

and similarly for nv Q Hence E may he rewri tten 

. E = n a + n a + 2~ .; n n-u u v v uv u v (129) 

This relation for. E may ba divided into two syrumetrical "atomic" parts~ each 
part being depandent upon only one orbital charge densi ty 

E .- n a + ~ yin n u u u uv u v 

- \ta: +~ An _n
2 

(130) u uv u u 

and E = n a +~ ~1\r~n2 (131) v v v uv v 
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ainoe the sum of nu and nv ia twoo A bond eleotronegativity funotion 
may be defined from "atomio" energy terIns: 

(132) 

A bond electronegativity function can also be derived from Klopmanvs 
LCAo-MO method which inoludes electron repulsiona explicitlyo His molecQlar 
energy expression is (38) .. 

(133) 

from which the fo110l·Jing "atamic" terms may he obtained: 

E = n B iJ. + n 2 (A - + fi ) + ~ j2n _ n 2 u u u ..J.L.' u uv uv u u (J.34) 
4 

and 

(135) 

The bond e1ectronegativity function derived from these expressions is 

(136) 

and simi1arly for Xvo Pritchard (52) has noted that~ nt the point of energy 
minimization in the LCA0-MO method Hhich includes resonance integrals,p the 
electronegativities are not equalized if the tarm Puv is not present in 
the bond e1ectronegativity definitiono .' 

It is possible, then9 to include inter-atomic terms in the molecular 
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energy expression for a.diatomie moleeule, and still be able to defin~ a 

general bond eleotronegativity funotion~ There are several diffieulties in 

using auah a funotion, however: 

i) the calculation of the inter-atomio parameters A 
, FUV' ru,;. is a 

diffioul"c matter at present, 

ii) the bond electronegativity function becomes very complicated when 

polyatomic molecules are considered, 
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iii) the bond electronegativity function can no longer be defined from 

considerations of the energy of the isolated atomo In genera19 t~e 

functions and ~ depend strongly upon both the nature of uv 

çJ u' and)li v' and upon the u-v bond l.ength, and 

iV) the llnear dependence of electronegativlty upon orbital charge 

densit,y is destroyed by t.he inclusion of the term involving ~uvo 

The above analysis has indicated that the concept of electronegativity 

equalization can be preserved whon inter-atonU.c energy terms are explici tly 

considered in a LCAQ-MO schema 0 This conclusion is general for many semi-

empirieal schemas, since other workGrs have indicated how it is possible to 

add various interatomie paramat~rs to other bond electronegativity functions 

(26,942).. In the present, atudYJ1 hm·19ver.ll charge distributions will ba ealculated 
1 

by using bond electronegativity funetions whieh cau be defined solely from the 

energy funetion of the isolated atoillS.II both for the reasons (i) to (iv) given 

above, and becauae one of the objects of this thesis is to determine the extent 

to whieh sueh isolated atom eleetronegativity frulctions are uaeful in predicting 

moleeular charge distributions .. 



( Io 3 ELECTRON DENSITY CAIJCULATIONS BY THE ELECTRONEGATIVITY EQUALIZATION 
METHOD 

In Part Io 2 of this study, the the ory of bond electronegativity 
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functions and the Principle of Electronegativity Equalization have been 
outlinedo In this section, Part 10 3, the bond electronegativity equali'zation 
method ia applied to the calculation of electron densities in'a large number 
of saturated moleouleso 



( i ID 30 Ao FLECTRONEGATIVITY PARAMETERS AND THE METHOD OF CALCULATION 

Bond Electronegativity Functioll Parameters 

As discussed in the previous sectioni the parametars of the Hinze-
Whitehead-Jaffe (HWJ) bond orbital electronegativity function can he evaluated 
from the valence-etats ionization potential and electron affinity for the 
orbital 0 Hinze (27) has calculated valence-state ellergy data i'or four sets 
oi' hybrld atomic orbitaIs for the elemants from Li to Ar: 

i) sppp 

where these atomic orbitaIs correspond to the valence-shell orbitaIs 

s, px'. Pi' Pz 0 

ii) di di Tf 1T 

\vhere· the digonal (di) hybrid orbi taIs ara dei'ined by 

9i dW) = rr (~s + 9\,1 
95 di (2) ::: ...l.... ( 1> s - çb \ (2 PJC ) 

and the ttvo Tf orbitaIs corre~pond to the original Py' Pz orbitaIs .. 
iii) tr tr tr Tf 

lvhere the trigonal (tr) hybrids are 

~ tr(l) 

)tS tr(2) ::: L ~ s - ....L cp Px + ...l... cp 
{3 f6 fT Py 

~ tr(3) 
::: ...L r;)s - ...L cp Px - J..... rp V f6" {2" Py 

and ~Tf ::::; çDp 
z 



,l 
'\.. iV) te te te te 

where the tetrahedral (te) hybrids al~ 

95 te (1) ::: ~ (~ s + ~ Px + szS Py + si pz) 

9>te(2) ::: ~ (çb s + ~Px - çz5 Py - '~pz) 

çb te (3) = t ( ~ • - çb Px + çb Py - $Il pz) 
qJ te (4) = t (çb • - çb Px - 91 Py + szf pJ 

53 .. 

• 
~fuen integral charge densities are assigned to these orbitals~ the densities 1 

2 2. l 1 are denoted by superscripts-for example Si s ppp 0 The four valence-shell 
orbit,als of each atom 1-1il1 be denoted generally as ~ u» ~ v~ ~ \.,)/ and ç!J Xo 

The ionization potentials~ lu» and electron affini tiesS! Au' are 
available (53) for hybrid atamic orbit~lsSi ~ uS! of the types listed above 
for states ,·Ti th integral charge densi ties n» n S! and nxo Hence the mvJ v w 
bond electronegativity pararoeters)/ bu and CUSI for such states can be evaluated~ 

Xu ::: bu + 2c n ') u u (137) 

bu ::: l (31 - A ) , 2 u u (138) 

Cu ::: J. (A - 1 ) 2 u u (139) 

The values of bu and Cu for the atoms from II to Cl (except for the inert 
gasss) and for Br and 1 are listed in Table 1-10 The charge densities used in 
this table for the valence-shell orbitals are such that the atoms are elec-
trically neu'Gral uhen ~ ::: 10 The electronega'(jivities c.f orbital ,./.. have >u u 
also been listed in Table 1-1 for ~ ::: 0» 1 and 2 (see equations 21» 22~ and 
23) 0 
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TABLE 1-1: HWJ E1ectronegativity Function Parameters for Sing1y-Ocoupied 

Orbita1s 

Atom Orb- Valence' l A b c Xu(1) X (2) 
ital state u u u u u 

(e.v.) (e.,v. ) (e.v. ) (e., vo) (eovo) (e 0 v .. ) of Atom 

H 
1 13 0 60 0.75 200025 -6042

5 7017
5 -5 0 675 s s 

Li l 5039 0082 70675 -20285 30105 -1 0 46
5 s s 

Be 11 9092 3018 13092 -3037 6055 -0019 s s P 
l l. 5096 0011 8088

5 - 20925 3 0 03 5 -20815 P s P 

di di1di1 8058 0099 120375 -3 0795 4 0 785 -2080
5 

B p 2 1 
s P 8030 -0050 12070 -4040 3090 -4090 

il 111 ]4091 5070 190515 -4 0 605 100305 10095 s s p P 

:A 111 8042 0032 12047 -4005 4037 -3073 p s p p 

'tr tr1tr1tr1 11029 1038 160 245 -40955 60335 -3 0575 

te te1te1te1 10043 1..53 14088 -4045 5098 -2092 

C 
211 10093 -0044 16061h -5 0685 5024r." -60125 

p s p p 
:;> :;> 

fI. 1 1 1 1 21 0 01 8091 27·006 -6005 14096 2086 s s ppp 
il 1 1 1 l 11027 0034 160735 -5 0465 50805 -5 0125 P s ppp 

di dildil';7~ 17042 3034 24046 -7004 10038 -3070 

7T di ldi 1;';' 11019 0.10 16,,735 -5,,545 50 645 -5 0 445 

tr tr1tr1tr11?- 15062 1095 220455 -6 0 835 8078
5 

-40885 

7T trltrltrl~ 11016 000,3 160725 -5 0565 50595 -5 0535 



TABLE 1-I continued 

Atom Orb- Valence l A b c Xu (l) X (2) 
ital state u u u u u 

(e 0 vo) (e. vo) (e.vo) (e 0 Vo ) (e.vo) (eovo) of Atom 

te te1te1te1te1 14.61 1 .. 34 210245 - 60635 70 975 -50295 

N p 221 a p p 14005 1031 20.42 -6037 7068 -5006 

II. 2 l 1 1 13.94 0078 20052 -6058 7036 -5080 p a ppp 

tr tr2tr1trl~ 20060 5014 28033 -7073 12,,87 -2,,59 

1T tr2tr1tl.1r,l 14012 1,,78 20029 -6017 7,,95 ~4039 

N trit tr1tr1tr1rf2 19072 4092 27012 -7040 12032 -2048 

te te2te1te1te1 18,,93 4,,15 26032 -7039 11054 -3024-

0 2 2 1 1 17.28 2001 211- 0915 -70635 90645 -5 0625 p s ppp 

tr tr2tr2tr1J- 26,,65 7.49 36023 -9058 17007 -2.09 

1T tr2tr2tr1J- 17070 2047 25,,315 -70615 100 08
5 -5 0145 

tr:l); tr2tr1trl
1T

2 26.14 7032 35055 -9041 16c73 -2009 

te te2te2te1te1 24039 6011 33053 -9014 15025 -)003 

F p 2 2 2 1 sppp 20086 3050 29054 -8068 12018 -5018 

Na 1 5.14 0047 70475 -2033 r. 20805 -10865 
s s 

:J 

Mg s 1 1 8095 s p 2080 120025 -3 0075 5087 5 -00275 

p slpl 4052 0006 6075 -2,,23 2.29 -2017 

di di1di1 7010 1008 10,,11 -3001 4009 -1093 

Al 2 l 5098 -0008 9.01 -3003 2 .. 95 -3011 p s p 

sk 111 
s P P 12027 4092 15 0 945 -3 0675 80595 10 245 
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TABLE 1-1 continued 

Atom Orb- Valence l A bu Cu Xu(l) X (2) ital State u u u (e 0 v.) (e.vo) (e 0 v.) (eeve) . (eove) (e.v. ) of' Atom 

ptE. slplp1 6.47 L37 9.02/ -20.5.5 3092 -1018 
tr tr1tr1tr1 8083 2~11 12019 -3036 .5047 -102.5 
te te1te1te1 8017 20.58 10096.5 -2.79.5 50 37.5 -0.215 

S.i. P s~;pl 7067 0087 11007 -3040 4027 -2053 
lx 1 1 1 1 17031 6094 220495 -5 0185 120125 10755 

s s ppp 

ft 1 1 1 1 9019 2082 120375 -3.185 600°5 -00365 
P s ppp 

di di1di1J-J- M.006 4~07 190055 -40995 9006.5 - 00925 
Tf di1di1J-J- 9018 2020 12067 -3049 .5069 -1029 

tr trl trl trl
r.?- 12061 3020 17031r. -4.70.5 70905 -1050.5 :> 

Tf trl trl trlJ- 9017 2000 120755 -3 0585 50585 -10.58.5 

te tel te1te l te1 11082 2078 16034 -40.52 7030 -1074 
p p 221 s p P 10078 1022 1.50.56 -4078 6000 -30.56 

'Ix 2 111 10073 1039 1.5040 -4.67 6006 -3 .. 28 
p s ppp 

tr tr2tr1tr1J- 1.50.59 3074 210 .51.5 -5 092.5 90665 -2 0 18
5 

Tf tr2trl trlJ- 11064 1080 160.56 -4092 6072 -3012 
tl'lt tr1trl trl rf 15018 3076 20089 -.5071 904·7 -109.5 
te 2 1 1. 1 te te te 'ce 14057 .3024- 20023.5 -'066.5 8090.5 - 2042, 

S 2 2 1 1 12039 2038 17039.5 -.5 000, 7038.5 -2062, P s ppp 

tr tr2tr2trl
1T

l 16 .. 33 '043 21078 -.5 04.5 10088 -0002 
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TABLE 1-1 continued 

Atom Orb- Valence lu A b Cu Xu (1) X (2) ital state u u u 
of' Atom (e" v. ) (e Q v ~ ) (eovo) (e"v .. ) (e.vo) (sov .. ) 

1T tr2tr2tr1;' 12070 2076 17067 -4. Cfl 7073 -2021 
tri 2 1 Ir?-tr tr tr 16027 5049 21 .. 66 -5039 10.88 0010 
te te2te2te1te1 15050 4077 20086

5 -5 0 36
5 10.13.5 -00595 

Cl P 
2 2 2 1 s ppp 15 .. 08 3073 20 0 755 -5 0 675 9 .. 405 -1 0 945 

Br p 2 2 2 1 s ppp 13.10 30'70 17080 -4070 8040 -1000 
l p 2 2 2 l s ppp 12067 3052 1'70245 -40575 80095 -10055 

Notes: 

a) lu and Au data f'rom Table 14 of' ref'erence 270 

b) AlI parameters and electronegativities are f'or the Hinze-vlliitehead-
Ja:f'f'e f'unctiono 
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Several trends are evident in the data listed in Table I-I g 

i) Sinee lu> Au in all cases, the paramaters bu are'all positive~ and 

the parameters Cu are all negative. 

ii) All the eleetronegativities for nu = a and for nu = l are positive~ 

and in most cases the electronegativities for nu = 2 are negativeo 

iii) lbe parameter bu and the electronegativities generally inerease as 

the ratio of 8 ta p character of the orbital ~ u inereases for a given 

atome The values of c are much less dependent upon the s/p ratio 
u 

than are bu and the eleetronegativities. These trends are illustrated 

in Figure 1-1 for carbono 

iv) For an orbital ~ u of given hybrid character~ the absolute values 

of 'bu and cu~ and of the eleetronegativities, generally increase frOID 

loft to right in sach rOli of the periodic table 0 

In the "molecular orbital" bond electronegativity function discussed 

previously, bu and Cu are related ta lu and Au b;y~ 

(140) 

Cu = l (A - l ) 4 u u 
o (141) 

The values of bu in this case are the lu llsted in Table 1-1, and the Cu for 

this function are equal ta one-half of the Cu listed for the H\>/J functiono 

Since the bond electronegativity parameters are readily evaluated, 

the iomc character of bonds forrned by atoDlS, uith valence states corresponding 

ta those listed in Table I-I, may be caleulated by the electronegativi'ty 

equalization principle o In polyatomic molecules, hmvever, the bonds formed 

by the orbitals q) .9 cp ,f'J~ can ba polaru For such csees,? the bu and Cu .. v u r Je 

calculated t'or neutral atoms cannat ba used, and i t ia necessary to evaluate 
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Figure 1-1: 

DEPE~IDENCE OF BOND ELECTRONEGATIVITY FUNCTION PARAMETERS ON 

s-p CHA.tUI.CTER OF CARBON BONDING ORBI TAI, 

Notes~ 0 represents b 
u 

D represents c u 
s represents s chnrac'ter of 

s~p hybrid orbital 
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bu and Cu as functions of, the orbital charge densities nv' nw» and nxo 

Hinze, Whitehead and Jaffe (8) developed a scheme whereby lu and Au can be 

calculated for non-integral values of nv' nw' and nxo In their scheme» a 

large number of curves were drawn which connect the points at which the 

valence-state atom energy is known; that is, for integral nu' nv' nw' and nx. 

The energies of states with non-integral orbital charge densitieswere 

obtained by extrapolation of these curves to the points of interesto 

Unfortunately, the extrapolation procedure is quite complicated when nu' nv~ 

nw' and nx vary independentlYD Even for the simple case of carbon in the 

te valence state, about twenty extrapolated CUl~es are required to obtain the 

valence-state energy data for electronegativity equalization calculations 

(Figure 4, reference 8)0 

To simplify the graphical extrapolation procedure» an upproximate 

method of determin:i.ng lu and Au as a function of the charge densi ties nv' nw' 

and nx has been developed in the present studyo The basis of this approxi­

mation is that» for three orbitals ~ v' ~ 1'1.1' and ~ x of the same hybrid 

character, bo'th l and A are mainly de pende nt on the ruJ,l]g TlI of the charge u u 

densities of the other three orbitals 

T= n+n+n v vI x (142) 

and only slightly dependent upon the manner in Hhich the total charge density 

is divided among the orbitalso Both lu and Au can therefore be explici'tly 

expressed in terms of T, and the need for the graphical extrapolation procedure 

is eliminatedo The functional dependence of both l and A on T can be 
u u 

expressed as a three-term series in T: 

l = a +PT+yT2 
u u u u (14.3 ) 
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A =O+€T+t T
2 

u u u u 
(144) 

If the schema discussed above is to be used in place of the graphical 

extrapolation procedure, two requiremants must be met: 

i) The valu3s of l and A must be dependent upon the ~ of the u u 

charge densi ties nv' n"l' and ~, but must be virtually independent of the 

individual values of each charge densityo 

ii) The variation of lu and Au with T must be given accurately by a 

three-term series in T, at least in the range of T which is to be used 

in the calculations 0 The degree to which requiremants (i) and (ii) are 

met can he illustrated by the example of' the (te te te te) valence state 

of carbon" 

The ionization potentials and electron affinities for the tetrahedral 

orbitals of carbon have been calculated from the valence-state energy data (53) 

for all possible integral values of n , n , and n , and are listed in Table v ,-1 x 

1-11.. From the data for the three values of T(T = 2,3,4) f'or '-Ihich more 

than one inequivalent combination of n , n :; and n.., is possible, it can he 
v w "''' 

concluded that the dependence of bath l and A on the manner in wW.ch "the T u u 

electrons are split up among the three orbitaIs is small (002 to 009 eovo), 

compared ta the changes of 5 ta 12 e" v 0 in lu and Au which occur l-lhen T :Ls 

altered byone electrono Since similar results are obtainedfor other atoms, 

requirement (i) above is mat to a good degree of approximationo In generalp 

hO\-Iever, requirement (i) is met only vIhen the orbitals Hhose charge densities 

are included in T are of the f'lHme hybrid charactero 

lhe second requirement can be discussed by considering the plots of 

lu and Au against T given by the full curves in Figures 1-2 and 1-3 respectivelyo 
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TABLE 1-11: 1onization Potentials and Electron Affinities for Carbon 

(tetetete) 

Value Orbital Charge l A 
of' Densities u u 
T (eovo) (eovo) 

te te te v w x 

0 0 0 0 58047 36070 

1 0 0 1 41064 22067 

2 0 l 1 26070 11038 

2 0 0 2 27062 12018 

3 1 1 1 14061 1034 

3 0 1 2 15041 1060 

4 1 1 2 4057 -4036 

4 0 2 2 4083 -3068 

5 l 2 2 -1039 -4077 

6 2 2 2 -2049 -3051 

Note: 

a) Data from Table 18 of reference 270 



Figure 1-2: 

DEPENDENCE OF 10NIZATION POTENT1AL ON CHARGE DENS1 TY T 

FOR A CARBON te ORBITAL 

Note: The charge density T~ in electrons~ represents the SUffi of 

the charges of the other three valence-sheD. orbi tals 0 
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Figure 1-3: 

DEPENDF..NCE OF ELECTRON AFFINI TY ON CflARGE DENS1 TY T 

FOR A CARBON te ORB1~L 
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These graphs have been constructed by using the lu and Au data in Table 1--110 

For T = 2,3, and 4, the 1 and A viere chosen for the configuration in loihich u u 

the charge denaity ia spread most evenly among the three orbitals~ since 

this represents a more realistic distribution of the electron density which is 

encountered in the molecules to be consideredo The dashed lines in Figures 1-2 

and 1-3 illustrate the dependence of lu and A~ on T which is predicted by the 

use of equations 143 and l44, when the para.meters au' ~u' 0 0 0 r u are 

evaluated by using lu and Au for T = 2, 3~ and 40 The curves based on 

equations 14.3 and 144 fit the emp.irical variations of lu and Au loiith T very 

v1911 betioieen T = 2 and T = 40 'l'he fit is less exact outside of this regiono 

S.imilar resl.l1ts are obtained for other atoIru3 and valence states 0 Re qui rement 

(ii) is met, therefore, provided that the parameters au' ~u' 0 0 0 r u are 

evaluated for the range of T \-1hich 1s to be used in the electronegativity 

equalization calculationso 

The parameters a to r of equations 143 and 144 have been cal­u ~ u 

culated for the valence states and at0Iru3 of interest by use of the valence-

state atom energy data (53), and are given in Table 1-1110 In several of the 

atomic valence states listed in this table, the charge densities summsd in T 

are restricted to one or tHo orbi tals of the set ~ vll çb H~ and ~ x in 

order that the charge density calculations can be simplifiedo The electron 

densities of orbitals Hhich are ~ used in the summation are indicated by 

superscripts in the valence state listingso 

All ·~he parameters ~u and E u listed in Table I-III are negative~ 

and in general 1 ~ul ) > and Hance both 1 and 
u 

A decrease as T increases o This variation in the ionization potential and u 



TABLE l - III: Parameters for Ionization Potential and Electron Affinity Equations 

Atom Valence Orb- Atomic Ionization Potential Electron Affinity 
state ital Orbita1s Param':>ters in eovo Parameters in e.v. 

of Atom Included a ~u Yu b E. u tu in T u u 

C te te te te te tete te 57.067 -17G240 10029 44.465 -20.~95 20 168
5 u v 1·1 X U y 1-1 X 

C tr tr tr 7T 1 tru tr tr 40.853 -14 0 3865 00885
5 26.049 -16.226 2.089 u v i-l X Y vI 

C tr tr tr 7T 0 tr tr tr 60.373 -19.081 10482 370478 -15.1255 1.1515 u v HX U V 1-T 

C 7T tr tr tr 7T tr tr tr 50.622 -1901095 l e 3185 45.392 -22.1555 2.3445 li v H :l:: u v ',1 il: 

C di di TT I1T 1 di di 280153 -110282 00554 12.965 -11.4555 1.8.355 u v H X U y 

C TT TT ldi di 1T di di 
~,. 

380481 -160107 10230 260161 -17.724 20348 uv H il: U vI .A 

N 
2 480229 -21.101 10977 29.017 -19.9205 2.9015 puPyPIlx Pu PVP\v 

N 2 te te te 530752 -2200735 203295 29.853 -17.6995 204245 
te te te te u v 1 .. 1 il: U y H 

N te te te te u y VI X 
teu te te te 

Y i.J' X 
1000057 -28" 169t:: 

.1 
1 0 9715 70.500 -25.395 2.202 

0 2 2 
340284 -18,,90°5 109005 15.207 -14. 8685 1.6635 PUPyPVI s Pu Py x 

0 2 2 te te 40.798 -1704515 10C!44 20.427 -16.3625 
200445 

te te te te u y 1'[ :l:: u v . 5 

Si. te te te te te te te te 
~ 

32 .. 822 -6,,778
5 -0,,074

5 26.566 -8.~25 003145 u y i-[ il: U y iol .A 

0' 
0' 
0 



TABLE 1-111 continued 

Atom Valence Orb- Atomc l onizati on Potential 
State ital Orbitals Para.meters in eov .. 

of Atom Inc1uded 
i3u Yu in T au 

S 
2 2 230052 -11..661

5 
1..002

5 PuPvPu sx Pu Pv 

S 
2 2 te te 29 .. 248 -16 0 154 2.403 te te te te u v li X U V 

Note: 

a) Based on data from Table 18 of reference 270 

Electron Affinity 
Parameters in e.v. 

Ô Eu lu u 

11.033 -8.5815 -0.072
5 

13.715 -80826 -0.119 

c­
-.,J 
• 
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electron affinity as the total charge density of the atom incres,ses is due 

to the decrease in the e!Iectiye nuclear charge experienced by electrons in 

orhl tal cP u as the number of valence-shell electrons increases" 

Shortly ~fter the method described above was published in the 

li te rature (54), Cusachs and Reynolds (55) described a similar scherne which 

relates lu and Au to the total charge density of the atomo These authors 

attempted to fit lu and Au to the atem charge density by a number of different 

polynomials, and concluded that a three term series such as that used in the 

present study l-J'as sufficient to accurately represent the dependence of l 
u 



( Calculation Method for Polyatomic Molecules 

The ionie character aseociated wi th a tlvo-electron, two-centre 
bond can be calculated, according to the HWJ electronegativity equalization 
method, by the equation: 

(145) 
" 

The parameters X(l) and c are deter.mined from the ionization pot8ntial and 
electron affinity by equatione 22 and 139 for the pair of atoID1c orbitals 

ri> l' and rp u which 'are singly:-occupied in the valence state of the free 
atonls 0 If, however, cp r and ~ u are atomic orbi tals in a polyatomic 
molecule, l and A cannot he evaluated until "the ionic characters of all u u 
the other bonds in the molecule are Imouno These other ionic characters,l) 
hm18ver, cannot be determined until i has been evaluatedo ur 

Under these circumstances" the charge densi ty distribution in a 
molecule must be determined by the SELF-CONSISTENT J.l'IELD (SCF) procedure, a 
technique Vlhich is often used in molecular orbital problemso In the SCF 
method of deter.mining the ionic characters in a polyatomic mole cule !J an initial 
value for the polarity of each bond is calculated by asstmdng that the ionic 
character of aIl the other bonds is zeroo In the second set of calculations l1 

the ionic character of each bond is calculated by assuming that the ionic 
character of each .otlber bond in the molecule is equal"to that deter.mined in 
the first set of calculationso The process is continued until the assumption,l) 
that the ionic character of each bond is identical ta that found in the 
previous set of calctùation~!J is correct" Theae ionic characters are then 
consistent Hith each other, and the charge distribution in the molecule is 
self-consistente 
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The iterative technique of the SOF ca1cu1ation can he i11us'crated by 
the examp1e of the water mo1eculeo Assuming that the oxygen atom is tetra­
hedrally hybridized, the ionic characters of each o-H bond may first be 
calculated by assuming the other o-H bond to have zero ionic character.\' whence 
i OH = 25.9.%, the oxygen atom beil~ negatively chargedo The ionic character of 
the first o-H bond is then recalculated by assuming that the ionic charac'cer 
of the other D-H bond is 2509%0 The calculations are continued until the 
ionic character of the first o-H bond is ,equal to that obtained in the previous 
step in the ca1cu1ationo The self-consistent i OH is 1803%9 that is.\' if the 
second 0-H bond is assurned to have i OH = 1803%, the iouic character of the 
first bond Hill also he 1803%0 

Since i) a large nwnber of molecules are to he consideredp 

ii) each molecule has, on the average p about five different bonds, and 
iii) the number of iterative calcu1ations required to achieve a self­
consisten'li field is fairly large, 

a compu·t.er programme was devised to do the computations for a given 
molecule, once certain information regarding the bonding in the mole cule is 
availableo 

The main steps in the computer programme, which is written in Fortran 
IV language for the McGill IEM 7044 computer, are discussed belowo Further 
det,ails of the programme are discussed in Appendix Io 

The steps in the computer programme are as followsg 

i) Data giving the code nwnberp atomic number,9 atomie orbital ntunbers p 

and initial charge density of the valence-state atomic orbitalss> for each 
chemically inequivalent atom in the molecule p is ptmched on IR~ cards and 
read in to the computero 
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ii) Parameters a through ~ are defined for the bonding orbitals u u 
of each atom. The assignment of parameters is based on the atomic 

number assigned to the atomo 

iii) The ionic character of 8ach two-centre bond in the mole cule is 

calculated, the required ionization potential and electron affinity for 

each orbital being calculated using char'ge densi ties of the previous 

iteration. 

iv) The orbital charge densities~ calculated from the ionic characters 

in (Hi), are checked for self-consistency against the corresponding 

densities of the previous iterationo 

v) If the orbital charge densities are found to be self-consistent~ 

these densities are printed out by the computer~ and the next molecule is 

then c onsideredo If the orbital charge densi ties are not se1f~consistent.9 

the program( returns to step (iii),? and continues to execute steps (iii»)) 

(iv»)) and (v) until self-consistent charge densities are obtainedo The 

orbital charge densities are assumed to be self-consistent 1-1hen sach is 

"li thin ±Oo000002 electron of the orbital electron densi"ty calculated in 

the previous iterationo 

A typical set of results printed out for a mole cule is givan in 

Appendix I. AIl the orbital charge densi ty distributions for polyatomic 

mole cules discussed in the present study have been generated by the programme 
described aboveo 'Ihe computer programme has been devised so that the follO'lving 
atolI1'3 and valence states may be considered~ n(s»)) C(-tetetete),I) C(trtrtr7T),? 

C (didi117T) ~ 

S(sppp), 

N(sppp), N(tetetete), 

S(tetetete)0 

O(sppp) , O(tetetete)J) Si (te te te te ) , 

." 
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~ parameters used in the calculations are those listed in u 

Table I-IIIo 'lhe charge density distributions calculated in this manner 
will be termed "B.,EoEo:method" results (Bond Electronegativity Equalization 
Method) 0 

720 



ID 30 B. THE IONIC CHARACTERS OF SINGLE BONDS 

The ionie oharaeter of single bonds between atomie orbi tals ?> u 

and rzf v oan be oaloulated for diatomio moleeules direetly by use of the 
bond eleetronegativity funetion paramaters (Table I-I) and the ionie eharaeter 

equation: 

iuv = Xv(l) - Xu(l) 
2(cu + cv) 

(]46) 

The ionie eharaeters of the bonds in a eommon set of diatomic molecules have 
been calculated in this manner, and are listed in matrix form in Table I-IV 0 

The halogen atoms considered are assumed to employ pure p orbitals in these 
bonds, Hhereas the alleali atoms and hydrogen 'are eonsidered to use S orbitalso 
The sign convention used in l'able I-IV is that the ionic character of the bond 
hetlleen atoms L and M in the diatomio molecule Di is positive if 'lihs bond 

ù+ ù- ù- ~+ polarity is LM, and is negative if the polarity is L M"' 0 

The ionic oharaoters listed in Table I-IV \-lere oaloulated by use of 
the Hinze-~lliitehead-Jaffe bond electronegativity functiono The corresponding 
ionic characters ealculated by the molecular orbital bond electronegativity 
function are exactly tlvice those listedo For both bond electronegativity 

schernes, all the ionic charecters considered are less than 100%0 

The chemical bond between the atoms in an alkali halide mole cule ia 
usually considered to he almost completely ionic (3, ,56). The ionic characters 
listed in Table I-IV for these molecules are larger than for any other mole-

cules considered in the present studyo The ionic characters for thase 

molecules lie hetlveen 36 and 4.3 pel' cent,? lvhareas the molecular orbital bond 
el~ctronegativity func'liion ionic characters range from 73 ta 8.5 pel' cen'!;o The 
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TABLE I-IV: Ionie Charaeters of Sorne Diatomie Molecules L-M 

Ionie Charaeter (in Fer Cent) 
Atom M H Li F Cl Br l 
Atom L 

H 0.0 -23 .. 4 16.6 9.2 5.5 4.2 
, 

Li 23.4 0.0 41.4 39.6 37.9 36.4 
Na 24.9 3.3 42.6 41.2 39.8 38.3 
F --16 .. 6 -41./1- 0.0 -9.7 -14.1 -15.4 
Cl -9 .. 2 -3906 907 0 .. 0 -408 -604 
Br -5 .. 5 -37.9 14.1 4.8 0.0 -106 
l -4.2 -36.4 1504 6.4 106 000 

Notes: 

a) Ionie charaeters in this and all subsequent table/3 l,rere calculated 
by the HWJ eleetronegativity functiono 

&-b) i LM > 0 for M 0 Ionie eharaeters in this and in subsequent 
tables are reported in per cent .. 

c) 'Jhe H, Li, and Na atomic bonding orb:l:hals are s-type; the halogen 
bonding orbi tals are p-type 0 

74. 
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oorresponding range of bond polarities oalculated byPauling's method for 

this series of molecules ia 43 '~o 91 pel' cent (3) 0 The ionic charaoters of 

the lithium and sodium halides eonsidered by Klopman and Ferreira by their 

semi-empirieal methods generally clustered a't; about 84 pel' eent (38, 44) .. 

The ionie eharaeters ealeulated by all the methods mentioned above 

prediet that the ionie characters of the alkali-halogen bonds formed by a 

given alkali atom decrease in the order of deereasing halogen atom eleetro-

negativity: 

F > Cl > Br '> l " 

The sodi~halogen bonds are slightly more ionie than the eorresponding 

U'thium-halogen bonds 0 

ô-
The ionie eharaeters of LiH and NaH (in the sense H ) of 2304% 

anù 2409% respeetivelYll are 101-ler than those of the a1kali halides, and are 

much closer to those predieted by PaulingUs method (26 and 30%), than to the 

results obtained from the MeOo bond electronegativity function (47 and 5~), 

or from Klopmanvs method (5809 and 59a6%)o 

The ionic charaeters of the four hydrogen halides, HF, HG1, HEr)) 
ô+ 

and HIS' are in the sense H ~ as eJCpeeted from the trend in electronegativity 

of the atoms.. The bond polarities listed for HF (16 0 6%), HOl (9 0 2%), 

and HEr (505%),9 are substantially smaller than those caleulated by Paulingis, 

Klopmanis and Ferreiraos methodso The MoOo eleetronegativity f'unetion ionie 

characters for these systems lie about midHay betl'leen the tlofO extremes 1) The 

bond eleetronegativity methods predict a 101'lfl1" ionie eharaeter in hydrogen 

fluoride than in lithium hydride:,l l'lhereas the schemas of Klopman and Pauling 

predict 'the reverse o It is interesting ta note that Bader and Hennelcer (57) 

have establishedp on the basis of a detailed study of the Hartree-Foek '-lave 
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funetions, that the HF bond ia lesa ionie than that of LiH. 

The ionie eharaetera of the hydroge~. ha~ides and alltali halides vlould 

he greater than those listed if any s orbital eharaeter were attributed to the 

halogen atom bonding orbitals. It ia diffieult to establish the hybridization 

of the bonding orbitala in diatomie moleeules, sinee no bond angle data is 

availa'Qle. 

The remaining mole cules listed in Table I-IV are the intel-halogen 

eompounds FC1, FEr, FI, ClEr, CII and BrI. The order of deereasing bond 

polarity ia 

FI > FBr ':> FCl > ClI ::> ClEr ::> BrI 

Thia order is in complete agreement with that established by Ferreira1s 

ealcUla.tions, and':lB in disagreement t..rith that predicted by Pauling's and 

Klopman' s mathods only in the relative ordering of ClEr and BrIo In all 

cases, the halogen atom of higher atomie number forma the positive end of the 

bond. Although little-agreement exists between anyof the ealoulation methods 

regarding the size of the ionie characters in these bonds, the molecular 

orbital electronegativity function bond polarities are fairly close to those 

caleulated by Pauling' s scheme for FC1, li'Er, and' FI, t-rhereas the lli'lJ electro­

negativity funetion results for the remaining three molecules in the series 

are close to PaulingWs results. 

As diseussed previously, the ionie eharacters of bonds in polyatomic 

molecules must be calculated by a self-consistent field procedt~eo vllien the 

bonds in sllch molecules are not very ionic, it is possible to estimate the 

~r.mdme.te polarity of each bond by assuming that all the other bonds in the 

molecule are completely covalento The ionic character of sllch bondSj ,.rhich are 

isolated from the polarityeffects of the neighbouring bonds,can ba simply 
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oaleulated by the method used for diatomie moleeules 0 SUeh data will be 

referred to as being for "isolated bonds." 

Although the iorde character of -a large nwnber of sueh "isolated 

bonds" may be easU,y calculated by means of 'che ior.d.c character equation and 

the eleetronegativity parameters in Table I-I, the present discussion will be 

restricted to the bonds of most interest in organic ehemistrYI that is, the 

single bonds formed by carbon in i ts digonal,fl trigonal and tetrahedral valence: 

states~ and by the hydrogen atom~ with the atoms of the first and second 

periods, and with the halogen atoms bromine and iodine. The ionic characters 

of such bonds have baen calculated by the ffi-lJ method~ and are lis'ted in matrix 

form in Table I-Vo The sign convention used in Table I-V is the srune 'as that 

for Table I-IV" The ntoms involved in sach sigma bond are lis'ced wl th a suh-

script denoting the valence state of Table I-I ",hich has been used in the 

calculations " 

Four different types of orbitals corresponding to the atoms Mare 

considered in Table I-V, vlith the orbital electronegativities X(l) increasing 

from left to right in the tableg 

Xc (1) > Xc (1) > Xc (1) > Xli (1) 
di tr 'te 

In all the bonds L-M, the charge density associnted with a given atom L 

decreases from left to right in the table,9 s.:i.nce \i(l) increnses in this 

directiono For example, the iouic character of the bonds formed by Nte are 
D-

all polar in the sense N , and the iouici-cy of -chese bonds decreases from 

J.5,,8% in Nte -H, to 400% in Nte -Cdi 0 

The increase in ~(l) from hydrogen to Cdi is responsible for the 

cha.nge in 'che sign of the iouic character in several rm-lS of Table I-V" 



78. 

TABLE I-V: "Iso1ated" Bond Ionie Charaeters 

Ionie Gharaeter (in Per Cent) of Bonds L-M 
Atom M H Cte Ctr Cdi s 
Atom L 

Rs 0.0 3.1 6.1 1109 

Li 23.4 2703 3101 39.0 s 

Be di 11.7 15.3 18.8 25.8 

Btr 3.7 701 10.4 16.9 

Cdi -11,,9 -8.8 -5 .. 8 0 .. 0 

Ctr -601 -300 000 5.8 

Cte -301 000 3.0 808 

N ft -007 203 503 11 .. 1 
P 

Ntr -20,,1 -17.0 -14.0 -804 

N ft 
tr -18 .. 6 -15.5 -1204 -607 

Nte -1508 -1207 '-90'7 -4QO 

0 -8,,8 -5.9 -3 .. 0 205 
P 

°tr -3009 -2800 -25.2 -2001 
iJ. 

°tr -30.2 -27.3 -24 .. 4 -19.3 

Ote -25 .. 9 -2301 -2002 -15.1 

F -1606 -13.,7 -1009 -507 p 

Na 2l~o9 2808 3206 4004 s 

î1gdi 16,,4 20,,1 23.8 31 .. 3 

A1tr 8.7 12.5 1603 2306 

Site -0 .. 6 300 605 13 .. 3 
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TABLE I-V continued 

Ionie Character (in Per Gent) of Bonds L-M 
Atom M H Cte Ctr Cdi s 
Atom L . 

piI: ,.0 p 8.5 11.4 18./+ 

Pte -7.2 -3.8 -0.5 5.8 

s 
P 

-0.9 2.5 509 12.4 

Str -15.6 -12.0 -8.5 -2.0 

~riJ: -15e7 -12.1 -8.6 -2.0 

Ste -12.6 -900 -505 1 .. 0 

Cl -902 -'08 -2.5 308 p 

Br -, .. 5 -109 1.7 804 p 

l -402 -O., 3.0 9 .. 8 p 

Note: 

a) Valence states of the atoms correspond to those listed in Table I-I. 
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The ntoma Lare listed down the table in order of inoreasing atamic number 
wi thin eaoh period" and are listed therefore in the approximate order of 
increasing eleotronegativity within each periodo 

and the Group l, 2, and 3 atoms (and P k) are all 
p ~+ 

The bonds formed by hydrogen 
. ~-

polar in the sense H , 
whereas the rest of the hydrogen bonds have H 0 Since the value of Xc (1) 

te 
all the atoms forming hydrogen bonds with is slightly greater than ~f(l)~ 

~- ~-H for.m Cte bonds with Cte 0 

(N A" Sit ' S ) which form the pep 

In addition, thera are several atoms 

negative end of their bonds with hydrogen, but 
form the positive end of their bonds ta Cte' sinee the electronegativities of 
these three atoms lie betvreen those of H and C.~e" Similar trends occur in 
the bonds formed by Ctr and Cdio 

On the basis of bath empirical studies of inductive effects in 
organic molecules (58), and senù-empirical quantum ohemistry calculations 
(3, 38), it is usually supposed that the single bonds formed by Cte 
and H with nitrogen~ oxygen, fluorine, chlorine, and bromine are 

&+ ~+ polar in the sense Cte . and H " These observations are confir.med by 
the results in Table I-V for such bondso The only exception lies in the cal-­
culated results for the N ~ - Ct bond, in which there is a srunll charge p e 
transfer of 203% of an electron from the nitrogen ta the carbono The bonds 
o-N.9 0-0, N-H and D-H i-lill be considered further in the analysis of self-
consistent field electronegativi ty equalizatiol1 calculations on hydrocarbon 
derivatives (Part 10 30 D)o 

According to PaulingOs electronegativity scheme, O-S and o-r bonds 
are expected ta have zero ionic charactero The data in Table I-V indicate 
that, according ta the elec·~ronegati vi ty equalizat,ion method, these bonds 

~- ~+ ~+ ~-possess small ionle characters in the sense C S and C l if pure 
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p orbitals are used by sulphur and iodine in bonding to te hybridized carbon 
atems. Self-consistent field electronegativity ealculations on the mole cule 

b- b+ CH
3

SH indicate that the Ct S' polari ty is retained in thioalcohols, e p . 

but the ionic charaeter of the bond is reduced fram 2.5% to about 1.3%. Both 
b+ CH

3
SH, have H ,with the ionic character 

the "isolated" S -H bond, and that in p 

in the isolated ~H bond, 0.9%, increasing to 1.4% in CH3SH. 

In Paulingts electronegativity schema, silicon-hydrogen bonds are 
b-expected 'èo have 3% ionic character in the direction H • The isolated bond 

ionic character listed for a Site-H bond is -0.6%, and is in the opposite 
sense to that predicted by Pauling. SCF elec'èronegativity calculations on "the 
mole cule SiH4 indicute that the Si-H bond polarity is smaller than that of 
the isolated bond, decreasing from 0.,6% to 0.,3%. l'he electronegativityequal:i:--
zation results agree Hith Pauling's schema regarding the direction of ·the 

0-charge transfer in the Site -Cte bond, with Ote .. The ionic character for 
this bond as predieted by the Pauling, "isolated ll bond, and SCF electronegativity 
mathods are 12, 3.,0, and 005% respectivelyo 

Sinee it is difficult to determine the lonic character of a bond 
experimantally, atterupts to establish the validity of the electronegativity 
equalization method by camparing isolated bond polaritles with empirical 
observations are li mi tedo N:uch more eJqJerimental data is available concerning 
the transmission of inductive effects withill a molecule, relative acidities 
and basicities of different series of molecules, the changes in the polarity 
of a given bond in different molecular environments, and the inductive stabili-
zation of ions, etc .. than is knOlm about the absolute magnitudes of the 
polarities of different chemical bonds .. 

For this reason, the charge distributions in a large series of 



organic molecules have been computed by the self-consistent field bond 

electronegativity equalization methodo These charge distributions will be 

listed and discussed in the next sectionso All the SOF electronega'Uvity 

equalization calculations to be discussed have been generated by using the 

HWJ methodo This method, rather than the molecular orbital bond electro­

negativity function, was ~~ed because: 

820 

i) For bonds of low ioo1c charac·ter, such as those to be considered, the 

analysis given above has not been able to show which of the two caleula­

tion methods is superioro 

ii) The ioo1c characters of the two methods will parullel each other, 

since the iS"o},f,l,te.d bond ionl.c characters differ by a factor of ·two in 

all caseso 

iii) The ffilJ scheme has been used by several vl0rlcers in previous 

inductive effeet studies, \.,rhereas the molecular orbital version has not 

yet been employedo It ia one of the main purposes of th:i.s work to 

establish the validity of the HWJ method in chemieal systemso 

The charge distributions in various hydroearbon moleeules and their 

ions are reported in the next section» and the inductive effects in substituted 

alkanes are discussed in the section following ito Correlations of the cal­

culated atam charge densi ties ,.,ri th nuclear magnetic res onance chemical shifts li 

and some conclusions concerning the electronegativity equalization method are 

discussed in later ~ectionso 
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1. 3. C CHARGE DISTRIBUTIONS IN HYDROGARBONS AND HYDROCARBON IONS 

TIle ionic characters listed iu Table I-V for oarbon-hydrogen and 
carbon-oarbon bonds are consistent with the electronegativity order 

Xc (1) > Xc (1) '> Xc (1) > ~(l) • Jdi tr te 

All the O-C and o-H bond polarities are small, but definite and regular varia-
tions in these quantities are found for different moleoules when self-consistent 
field charge densities are established by the B.E.Ee method. These variations 
are discussed and analyzed in this section of the thesis. 

Charge Distributions in Neutral Alkane Molecules 

Hany cOllllIlon organic molecules are derivatives of the series of 
saturated hydrocarbons termecl. the alkanes 0 In both branched and unbranched 
alkane chains, and in many alkane derivatives, the H-o-H, o-C-H, and o-C-C 
bond angles are very close to tetrahedral (109.50

), and the carbon atoms in 

such molecQles are tœually assumed to use four valence-ahell tetrahedral (te) 
orbitals for bondingo Due to the lack of precise informa:tion concerning 
deviations froID tetrahedral bond angles in the allumes, the BoE"E .. method 
calculations reported herein have been accomplished by assuming that each 
bonding orbital of carbon in the allcanes and alkane de ri vati ves is exactly 
te in charactero All the hydrogen atoms are assumed to use ls atomic orbitals 
for bondingo 

The charge distributions caJ.culated by the bond electronegativity 
equalization method for the neutral n-alkanes CH4 through CIOH22' and for some 
branched alkanes, are listed in Tables I-V1 through 1-IXo 'l'he numbering 
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schema used in these 'cables has the bonds associated with the terminal me'thyl 
groups in the n-alkanes denoted as 01' those associated wlth the adjoining 
methylene group as 02' and similarly along the chain. 

The o-H bond iaDic characters in these alkanes range from 1.4% to 
b- b+ 283% (Table I-VI), all in the sense OH. The o-H bond polarity is 

generally lower than that calculated for an isolated 0te-H bond (3.1%), since 
the electronegativity of each carbon te hybrid orbital is lowered by the 
increase in the total electronic charge density of the other carbon orbitals. 
Thus the average ~ positive charge on each hydrogen atom is approximately 
+0002 electron, rather than +0 .. 03 electron predicted by the isolated bond data. 

Although the calculated G-H bond polarities in the n-alkanes are very 
small, defiDite variat:tons in i OH are round "lhen chemically inequivalent D-H 

bonds in the sa.me molecule, or in different alleane molecules, are comparedo In 
each n-alleane, the G-H bond ionic characters increa.se as the numbsr of carbon 
atoms between the one considered, and that at the end of the molecule, 
increases (Table I-VI)Q For example, the G-H bond polarities in n-decane 
(m = 10 in the table) increase in the order 1090, 2015, 2023, 2025, and 2025% 
'coward the "centre ll of the moleculeo Hïthin each n-alleane, the difference in 
ion betl..reen successive atoms along the chain decreases tot-lard the centre of 
the mole cule 0 

A comparison of the i OH bet\..reen different n-alkanes for a given 
position (eago Gl ) ShOt-lS that the G-H bond polarity generally increases as the 
length of the chain increases.? the magnitude of this increase bet'·18en successive 
n-alkanes decreasing as the chain lengt,h inoreases (Table I-VI) 0 Since an 
increase in the chain l.ength by one unit is equivalent to replacing a terminal 
hydrogen a'tom by a methyl group, and since by this replacement aIl the G-H 



TABLE I-VI: Carbon-Hydrogen Bond Ionie Gharaeters in the n-Alkanes 

Value iC H iC H iC H i iC H 
of 1 2 3 

C4H 
5 

Jll 

1 1.478 

2 1.786 

3 1.868 2.048 

4 10892 20123 

5 10899 20144 20196 

6 10901 2.15J. 2.218 

7 10901 20152 2.224 20239 

8 1.902 20153 2.226 2.245 

9 1.90J. 20153 20226 20247 2 .. 251 

10 1 .. 902 2015.3 2.226 20248 20253 

NotE): 

&+ a) In this and subsequent tables, all i CH > 0 for H , and i
CH 

1s repol'ted as a pereentage .. 
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bond ionic characters in the moleoule are increased, the me'thyl group effecti vely 

WIXHDRAWS electron density relative t,o hydrogen in the n-aJ.kanes. lli..i.s with-

dra\.fal of charge densi ty oceurs because, for this series of mole cules, 

Xœ (1) > ~ (1) 0 'lhus, 
:3 

~(l) = 
for H and CH:3 bonded to a methyl group, 

70175 e.vo whereas XCII) (1) = 7.473 e.v. 

The electronegativity of a methyl group ls also greater than that of 

hydrogen in the branched alkwles, including the methylated m.ethane series, 

( CH'] )4 CH. A decrease in m by one unit is equi valent ta replacing one 
J -m m 

hydrogen atoll in the CHm unit by a m.ethyl group, Wld leads to an incr,ease in 

the net posi ti ve charge on the hydrogen atoms of the central oarbon a:liom 

(Table I-VII)o There is also a smaller corresponding increase in the net 

positive charge of the H atoms of the methyl groupsQ 

A s'liudy of the self-û onsistent field electronegati vi ties in the 

neutral alkWles considered indica'lies that, in general: 

The ionic charaoters of O-H bonds for tertiary carbon atoms are then greater 

'!ihan those for hydrogen atoms bonded to secondary carbon atoms, vlhich in turn 

are greater than i GH for hydrogen atoms on a pri~ry carbon atom.. This trend 

in i CR for the alkanes is identical to that established in earlier eleetro­

negativity equalization caleulations by Ferreira (59) .. 

For the ilisolated" carbon-carbon bond formed by two tetrahedrally­

hybridized carbon atomic orbitals, iCC = 00 Sinee the carbon atoms in the 

n-alkanes are not all equivalent, the iomc characters of the O-C bonds are 

usually non-zeroQ The calculated range of icc for these molecules is 000 to 

006% (Table I-VIII)o tüthin an n-alkane, iCC decreases gradually tovrarÇt 'the 
, 



TABLE I-VII: 

Alkane 

Methane 

Ethane 

Propane 

1 2 
o-c-o 

Isobutane 

120 
/ a-a" a 

Neopentane 

~ l 2 
0- -0 

1 a 

2-l1ethy1butane 

l 2 3 4 
O-y-o-O 

a 

2-.Me thy 1 pentane 

1 2 3 4 .5 
O-~-O'-O-O 

Charge Distributions and Chemica1 Shifts in Some Branched 

A1kanes 

Posi- iOH ~ N.MoR. Oarbon Atom 13 a N.M.R. 
tion Chemical Net Charge Chemical 

% Shift in in Shift in 
p.p.m. Electrons p.p.mo 

1 lo~.78 6.9.5 (b) -0.0.5912 130.8 

1 10786 6.32(b) -0.0.53.58 12208 

1 10868 6027 -0.0.5210 113 .. 10 

2 20048 .5 .. 84 -0004887 112,,62 

J. 1094·0 6.27 -0.0.5083 10403.5 

2 2 .. 274 .50.4.3 -0004483 1030.52 

1 2.001 602.5 -0 .. 04971 97023 

2 -0 .. 04130 100.,8 

l 10961 6 .. 28 -0 .. 0.5044 106067 
2 20342 .508 -0004361 98080 

3 2.187 6000 -0.04638 96 .. 88 

4 1.,912 6.29 -0,0.5132 117,,18 

1 10967 6.29 -000.5033 106 .. 17 
2 2.362 .5 .. 8 -0.04.32.5 100.9 

3 20260 6 00 -0004.508 8609 

f:. 2,,163 600 -o. Q4.681 10800 

.5 10 90.5 6,,30 -000.514.5 114 • .57 
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TABLE I-VII continuad 

Posi- i CH lu NaMoR. Carbon Atom 1.3 Alkane C N~M.R. tion Chendcsl Net Charge Chemioal 
% Shift in in Shift in 

popomo Electrons p.p.mn 

2,2-Dimethylbutane 1 2.021 60.32 -0.049.36 99077 
1 2y .3 4 .2 -0.04019 98026 
c-c-c-c .3 20243 509.3 -0.045.38 92.02 , 

6033 -0.05100 120003 C 4 10930 

3-Mathylpentane 1 10918 6029 -0.05120 11704.3 
1 2 3 2 202Cf7 600 -0004603 99.4 G-G-C-C-C 

3 20409 508 -0004240 9200 
, 
C 

3e. 10982 6029 . -0005006 110010 36 

2p3~Dimathylbutane J. LCJ79 6032 -0005011 109 .. 35 
1 2 

.2 20400 508 -0 0 04255 9406 C-C-C-C 
1 6 C 

Notes: 

a.) All NoMoRo chemical shifts are relative to benzene 0 Unlesa othel'ïvise 
indicatedp a.ll NoMoRo data ia from reference 800 

b) Calculated from NaMoRo data in reference 840 



TABLE I-VIII: Carbon-Carbon Bond Ionie Characters in the n-Alkanes 

Note: 

Value ie 0 i i i 
of 1 2 °2C3 C

3
C
4 

C
4

05 
m % % % % 

2 0.000 

3 00396 

4 0 .. 508 00000 

5 00541 00114 

6 00550 0.148 00000 

7 00553 0.,158 00033 

8 00554 0 .. 160 0.04-3 00000 

9 00554 0.161 00046 0.010 

10 00554 00161 00047 0.013 

a) In each O-C bonds> iCC') 0 if the carbon atom naarest the centre 

of the chain is the negative end of the O-C bond. 
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centre of the chain, as doea the difference in iCC between successive carbon 
atoms. The negative (0-) end of each carbon-carbon bond is the carbon atom 
nearest the middle of the chain. The trends noted ab ove may be illustrated 
using n-hexane (m = 6) as an example. Here, the terminal carbon-carbon bond 
(Cl -C2) has iCC = 0.55% (C2 is 0-); the iCC of the c2-C; bond is 0.15% 
(C; is o-)~ the iCC of the 03-C4 bond is O.OQ%~ The changes between successive 
bonds are 0040% for the C1-02 and c2-c; pair, and 0.15% for the C2-C; and 
C;-C4 pair. 

Replacing a terminal hydrogen atom by a methy1 group in an n-alkane 
extends the hydrocarbon chain by one unit, and this change is expected to 
withdraw electron dansi't;y toward 'the point of sl.lb,qtitution, since XCH (1) > 

; ~(l) in the alkanes. This is confirmed by the iCC results listed in Table 
I-VIII lI and it may be illustrated by the follmving exampleo The charge trans-
fer directions for the O-C bonds ln propane are 

C~C<=='C~H 12; .. 

If the terminal H atam is replaced by CH;, electron density is t-lithdrav!n 
toward the point of substitution, and electron density shifts illustrated 
below ara auperimposed on those shown above: 

c~c~c~c 12,; 4 
The two affects are in the saroe direction for the C1-C2 b9nd, and iC -C 

1 2 increases from propane to n-butane (Table I-VIII). The effects are opposed 
for the C2-C; bond, and exactly cancel ench othero, In the C

3
-H bond, which 

is cOll'verted to C
3
-0

4 
in n-butane, the change due to the second effect 1s not 

sufficient to overcome the first, since C
3 

for.ms the negative end of the 
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03-04 bond. 

The ionio oharacters of the o-H and 0-0 bonds in the n-alkanes oan 
he oombined to give the nfl.t. charge for eaoh oarbon atom (Table I-IX). 
Aocording to the eleotronegativity equaliza'tion calculations" all the carbon 
atoms in the n-alkanes bear small net NEGATIVE charges or the order of -0.05 
eleotron. The net negative charge of a carbon atom at a given position 
(eog. 01 ) decreases as the chain length increases, since the methyl group whioh 
ia added to lengthen the chain wi'tihdraws electron density relative to the 
hydrogen atom \oJhich is replaced. In an n-alkane mole cule , the carbon atom 
net charges decrease as the chain centre is approached, in contrast to the 
changes in o-H bond polarityo Although the contribution to the electron 
density or eaoh carbon atom fram each D-H bond increases as the chain centre 
ia approached, this trend is opposed by the larger ~ ln o-a bond polariti,es 
in the sarna sequence. The change in carbon atam net charge between successive 
atems decreases toward the middle of the hydrocarbon chain (Table I-IX). 

The carbon atom net negative charges for sorne branched alkanes, 
including the methylated mathanes series (OBL)4 OH, are listed in Table --j -m m 
I-Vllo In the methylated methanes, the central carbon atom charges decrease 
when m is decreased by one unito Similar, but smaller~ charge density changes 
are found for the carbon atoms of the methyl groupo 

It is interestlng to compare the n-alkane charge distributions \.J'hich 
are calculated by the BoEoEo method vii th those deternrLned by molecular orbital 
methods" Sandorfy (60) developed three apprarimate LaAo-MO techniques for 
treating the bonds in saturated hydrocarbons: 

i) In his "a" approxÎmati on,\1 only the carbon-carbon bonds are conaideredo 
The carbon atoms in neutral no-alkanes are found to have zero net charge 
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TABLE I-IX: Carbon Atom Net Charges in the Alkanea CmH2m+2 

Value Net Charge (in Electrons) of the Carbon Atoms 
of 
m Ci °2 °3 C 4 

C5 

l ~0.05912 

2 -.05358 

3 -.05210 -0.04887 

4 -.05168 - .. 0475/~ 

5 - .. 05156 -004715 -0 .. 04622 

6 "'005152 ""004703 -004583 

7 "'005151 ..... 04"100 - .. 04572 -OoO~.545 

8 ..... 05151 -004699 -004569 - .. 045311-

9 ..... 05150 - .. 04699 -004568 -.04530 -0.04522 

10 - .. 05151 - .. 04699 - .. 04567 ..... 04529 - .. 04519 
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in this approximati on. 

:Li) In the "CH" approximation, eaoh te hybr1d orbital of oarbon 1a 

oonsidered explio1 tly if :l.t 1a bonded to anuther oarbon orbital, whereas 

eaoh bond batween a o~rbon te orbital and a hydrogen atOlu 113 treated by 

oonsidering 1t as a group orbitalo Sandorf'y oaloulated the oharge Qis­

tributions for propane, n-butane, n-pentane, and 2-methylbutane by this 

approximation (60)0 The total oharge associated with each O-H 

bond was found to ba slightly less than 2 eleotrons,p and that assooiated 

wi th snoll o-C bond alightly more than 2 electrona 0 The terminal 0-0 

'bonds were slightly polur,\J \oJi th the curbon utom naureat the moleoular 

Ml'ltre baine the negutive Elnd of' the bondp in agreement \>/itll the B.EcE" 

l'Elsults 0 ~'he ether (}WC bondrJ in propunep tl-bu'cune und tl-pentane lofore 

f'eu.nd ta hava zero net polur:Vûy (60)" 

i1i) In 'bhe "H" upproxima:t;i on, all the valence-ahell ol'bi tala of the 

oarbon und hydrogen atolIlS are considered explioi tly in a molecular 

orbital method thut doea not neglect overlup integrals o The "local" 

churges calcula'ted by Sandorf'y using this approximation Here suoh that 
&- &+ 

eaoh D-H bond ia polur in the sense 0 II 51 the central o-H bonds being 

more polar than the terminal o-H bonds 0 'l'he 0-0 bond in propane lofas 

found to he polar \oIi'th the central atom being the negative end of the 

bond 0 It i8 remarkable that these propane molecule charge denaity trends~ 

Hhich \'18re calculated by an 1-10 method lofhich does not treat electron 

repulsions explicitly but \-/hich doss alloH for delocalization of the 

moleculur orbitals 51 ugrae so \oIell ""ith those found by using the BgE .. E" 

method~ lvhich treats intru-utollÙc electron repulsions but mukes no 

nllovrance for any deloculization effectu" 
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Hof:fm.artn(61) has devised an "Extended Huckel TheorY"(ElIT) Method 

for sigma and pi electron systemso The ElIT msthod charge density results for 

saturated hydrocarbons agree with those of the present s~udy in the follovdng 

respects: 

i) All the carbon atams, in the n-alkanes possess partial NEGATIVE charges 0 

ii) With1n each n-alkane molecule, the TERMINAL carbon atom has the 

largest negative chargeo 

iii) The carbon atem in methane is the most negatively charged of all the 

carbon atoms in the n-alkaneso 

iv) The electronic density of th8 central carbon atom in the methylated 

methanes series decreases as the number of methyl groups increaseso 

The charge density distributions in the alkanes calculated by the 

EHT method disagree lo1ith the BoEoEo method resul'!is in the follolo1ing respects: 

i) The ~nitude of t~e carbon atom partial negative charges calculated 

by EHT are about four to ten timss as large as the corresponding BoEoEo 

method net chargeso 

li) There is li ttle correspondence bet\.feen the trends in carbon charge 

uithin each molecule calculated by the two me"thods l1 eJccept for that noted 

in (ii) above 0 

Pople, Santry and Segal (62) have also developed an approximate 

LCAD-MO method for saturated mole cules 0 This technique includes electron 

repulsions explici tly, and should therefore represent an improvement over the 

methods of Sandorfy and Hoffmanno Pople and Segal (63) recently applied the 

"CNDO" version of the technique of Pople et aL (62) to a variety of saturated 

methane and ethane derivatives including the two parent hydrocarbons themselveso 

The magnitude of the hydrogen atom net charges calculated by the CNDO mathod 



( 

95. 

(about +00034 electron) are about twice as large as those from B.E.E. method 

(about +0.017 electron), and the direction of the change in the hydrogen charge 

fram methane to ethane predicted by the two methods di.sagree.. Bath methods 

predict the saroe sign for the net oharges of the carbon atoms in these mole-· 

cules, and the sarns direction of change in the C net charge from methane to 

ethaneo 

It will he interesting to compare the trends in C and H atom net 

charges calculated by the B.EoEo method with those from the CNDO procedure 

when more results from the latter method are availableo 
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Sigma Bonds in Unsaturated Hydrocarbons 

Since the electronegativity of a singly-occupied s-p hybrid atomic 
orbital of carbon increases linearly with the s character of the orbital (27), 
then 

Hence the polarities of o-H bonds in which the hydrogen atoms are bonded to 
unsaturated carbon atoma are usually greater than those of saturated o-H bonds, 
and the Cdi-Cte and Ctr-Cte bonds are much more polar than the O-C bonds in 
the alkanes. For example, the "isolated" bond polarities for Cdi-Cte and 
Ctr-Cte are 8.e fo and 3.0% respéctively éompared to 0.0% for Cte-Cte' and the 
isolated Gdi-H and Ctr-H bond ionic characters are 11.9% and 601% compared to 
301% for Cte -Ho The direction of charge transfer in these bonds is tm"ard the 
orbital of the more electronegative carbon atom .. 

The charge distributions for several unsaturated hydrocarbons have been 
calculated by the BoEGE .. method and are listed in Table I-X.. Since the H-Ctr-H, 

0t -Ct -H and Ct -Ct -Ct e l' l' r e bond angles in the alkenes considered are close to 
1200 (64)$ pure tr hybrid orbitals have.been assumed for the sigma orbitals of 
the unsaturated carbon atoms in these moleculeso The II-Cdi-Cdi and Cte -Cdi-Cdi 
bond angles are close to 1800 (64), and pure di hybridization has beon assumed 
for the sigma-bonded orbitals of the unsaturated carbon atoms in the alkynes. 
In a11 the unsaturated neutra1 molecu1es considered, the Pu orbital charge 
densities are equal to one electron due to the molecular symmetry. 

The Ctr-H bond polarities in the ethylenes and benzenes range from 
405% to 601% according to the BoEoE" method calculations" ,,,hereas the ionic 
chare.cter of the Cdi-H bond in acetylene is 11092% (Table I-X) 0 The order of 
G-n bond polarities for the "isolated" bond is then unaltered ,,,hen self-consistent 
field calculations are used: 
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TAm.E I-X: Charge Density Data ror SOIDe Unsaturated Hydrocarbons 

Mole oule 

H2C=CH2 

CH
3 

CH::CHCH
3 

( CH3 ) 2 c= C ( CH3 ) 2 

(c)(b) 
CH

3 
CH2CH::CHCH2 CH

3 

Benzene 

Hexame"t,hylbenzene 

Molecule 

i
CH or 

H-Ctr Bond 

in % 

4.520 

4 .. 604 

40688 

60081 

i
CH 

or 

H-Cdi Bond 

in % 

110920 

icc or 

Ctr-Cte 
Bond in % 

4.277 

4.377 

40032 

60306 

iCC or 

Cdi-Cte 
Bond in % 

130779 

13 .. 731 

i
CH or 

H-Cte Bonds 

in % 

2.678 

2.699 

20883 (b) 

20132 (c) 

30102 

i CH or 

H-Cte Bonds 

in % 

40715 (b) 

20710 (c) 

Unsaturated 
Carbon Atom 
Net Charge in 
Electrons 

-0.09041 

-0.08881 

-0.08754 

-0008'721 

-0006081 

-0.06306 

Unsaturated 
Carbon Atom 
Net Charge in 
Electrons 

-0011920 

-0013779 

-0.13731 

Notes: a) The H-Ctr, H-CdP Cte -Ctr' Cte -Cdi bonds are polar in the 

sense that the unsaturated carbon atam rorms the negative end or 
b- b+ the bondo The Cte -H bonds are all polar in the sense C H 0 

b) "Methylene" unit G-H bondo 

c) lI~fethyl" unit G-H bondo 
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iO -H > iO -H > iO -H di tr te ' 

The Q-H bond ionic characters increase in the sequence ethane, ethylene, 
acetylene, in agreement with the experimental order of hydrogen atom acidity 
(6.5). The partial chargesonhydrogen in these three molecules (+00018, 

+00045, and +0.119 reapectively) are in good agreement with thoae ca1culated 
by the ONDO method (+0.033, +00046, +0.107 respectively) (63). 

The relative inductive effects of CBJ and H in the mono-a1kenea ia 
similar to that found for the alkanes, since replacement of H in H20 = OH2 
by OH

3 
groups decreases the negative charge of the unsaturated carbon atams 

and increases the 0tr-H bond polarity (Table r-x)o MSthyl groups are, 
hOl.[everj/ electron releasing relative to hydrogen in the benzenes and acetylenes, 
since the calculated net charges of the unsaturated carbon atoms in 
hexarnsthylbenzene and dimethylacetylene are greater than those in benzene and 
acetylene respectively (Table r-x)o The reversa1 of inductive effects of 
alkyl groups und hydrogen atoms in these mole cules ,.rill he analyzed later ... 

The 0di-Ote and 0tr-Ote bond ionic characters in the substituted 
ethylenes, benzenes and acetylenes arc listed in Table r-xo As expected from 
the isols.ted bond polaritiesl1 these 0-0 bonds are more ionic than saturated 
0-0 bondsj/ and Ote forms the positive end in each caseo The effect of the 
unsaturated atoms is transmitted to the 0te-H bonds, which are more ionic in 

0+ the sense H than those of the alkanes o 
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Variations in the Electronegativities of Groups 

In electronegativity equalization calculations, the ionic character 

of a bond between orbitals ~ u and $6 v ia determined by the DIFFERENCE 

between Xu(l) and X (1), and by the SUM of the param.eters c and c. .F'or v u v 

an nlkyl group, X (1) and c are a function of T, the total electronic charge u u 

of the other valence-shell orbi tals of the srune atom as 1> u. From the data 

in Table I-III for C'te orbitals and from the definitions of Xu(l) and Cu in 

equations IJ7 and IJ9, the dependence of Xu(l) and Cu on T may he obtained 

f'or a te orbitai of carbon: 

x (1) = 500766 - 190060 T + 10599 r2 u 

The rate of change of X (1) and c (1) ,·Jith T for a "neutral" carbon atom u u 

(147) 

(148) 

(:t oe 0 • T := J) can be established by differentiation of the functions above "Ji th 

respect. to T nt T = 3: 

(~ Xu(l)) = -9047 
\ d T ~J '} (149) 

~ d ;u 1 1'=3 = +1.60 (150) 

The net effect of the variation of X (1) and c with T is that the electronic u u 

charge density.? nu.?of orbital f6 u will .deg:r;:ea~e. as the total charge densityp 

T, in the other orbitals of the sarna atom increaseso Since this effect is due 

mainly to the dependence of Xu(l) 011 T, the inductive effects of groups can 

be analyzed by considering their X (1) valusso 
u 

Consider the group RJ 0- ,,,hich is bonded to an identical group -CR
J 

0 

Sinoe the groups are identical~ iCC = Op and nu.? 'the electronic density of the 

bonding orbital of RJ 0-, is one.. If RJ 0- is bonded to a group - OR] of 
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HIGHER electronegativity, then nu <.. 1. The electronegativity of the central 
C toward the groups R in this case is then lower than in R3O-CR3, and 

electron density shifts will occur in each R-C bond tOlV'ard the cen·cral C. 

This charge transfer vlill increase T, and hence Xu (1) will he decreased (see 

equation 149). If -CRJ has a LOWER electronegativity ~an R3o-, nu> l 

and electron densi ty is shifted away from the central a of R3 C toward each R. 

These electron density changes decrease T, and increase Xu(l). 

Thus the electronegativity ~(l) of a group is depandent upon the 
nature of the radical or atom to which it is bonded: 

i) X (1) increases as n increases, u u 
ii) Xu(l) decreases as the eleotronegativity, Xv(l), of the group to 

vlhich it is bonded increaseso 

These effects are graphically illustrated for a1ky1 groups in Figures 1-4 

and 1-5. 

The electronegativities Xu(l) for the groups -CH
3 

and -CH(CH
3

)2' 
and for the hydrogen atom, are plotted against nu in Figure I-4. Since H 
is a monovalent atom, its electronegativity Xu(l) is invariant \vith respect 

The curve for -CH2 CH
3 

would lie between that of' -CH) and that of 

-CH(~)2.9 and the curve for -C(CH3 )3 would lie to the side of -CH(CH
3

)2 

opposi te to that of -CH
3 

if there vlere sufficient space in Figure 1-4 to 

plot Xu(l) versus nu for these two groups. 

For small n .9 then u 

~(l»> X-CH (1) > x... CH Ms (1) ) 
3 2 

X-CHMs (1) ') 
2 

If these groups are bonded to ~ highly electronegative radicale or atoms, then 
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Figure 1-4: 

VJŒ.IAT10N OF ~ (1) vliTH nu 

Notes~ Curve A represents the group -CH • . 3 . . 
Curve B represents the group -CH(CH

3
)2 ., 

Curve H represents Hydrogen • 
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Figure 1-5: 

VARIATION OF ~ (1) HI'IH ~ (1) FOR 

MOLECULES R-H AND R-CH
3 

Legend for groups R: 

a) -CH 2 
b) -- CHMe 

c) - CH
2

CH
2
- d) -H 

e) - .CH = CI-IMe f) . - C6Me
5 

g) + 
- CH2CH2 h) - C =C1-1e 

i) - 0018+ j) - CH + 
2 
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~ < l and the normal order of induotive effeots for hydrogen atoms and 
alkyl groups ia obtainedo lioweverl for nu~ la the eleotronegativity order 
above ia exaotly reversedl and substitution of a hydrogen atom by a rnethyl 
group results in a VIi thdra\.,ral of electron densi ty from the l'est of the 
mole cule 0 

The electrcnegutivities of the methyl group and of the hydrogen atom 
are plotted ugainst the electronegativitYa Xa(l), of the group R in FIgure 
1-,5 for a series of molecules R-li and R-Cl~ 0 When the self-consistent field 
Xa(l) is lowl then XCH (1) » ~I(l)~ whereas for high values of XR(1)9 

3 
Xli(l) > XCH (1) 0 Hhen R corresponds to the group -CH :::; CHCH

3 (Figure 1-5, 
3 

point e),1 then Xca (1) is slightly larger than Xli(l) but the reverse is trua 
3 

whan R corresponds ta the b-3nzene ring (Figure 1-59 point f).. Henee, the 
Ote -Ctr bond polari ty in CH

3-CH ::: CH-CH
3 

is srnaller than the II-Ctr bond 
polari ty in CH2 ::: CH211 but the reverse is true in the mole cules C6 (CH

3
) .5 

and C6H60 

lhe electronegativity equalization method9 than~ predicts that the 
relative inductive affects of groups of a·toms are depandent upon the nature 
of the atom or group to which they are bondedo Huheey (39) has also arrived 
at this conclusion by analyzing the variations in group electronegativity 
which were calculated by a different electl'onegati vi ty equalization methodo 
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Transmission of Induotive Effects Through Carbon-Carbon Bonds 

In saturated molecules p inductive effects produced by the substitution 
of one atom or group by another are usually considered to he attenuated along 
the chain. The inductive effect is considered to be transmitted from the 
point of substitution to different atoms in the molecule by two mechanisms (58): 

i) Transmission through the localized bonds. 

ii) Transmission directly through space between non-bonded atoms 

("t'ield" effects). 

Since non-bonded interac'/jions are neglected in the BoEgE. method, only effect 
(ii) is analyzed in this studyo 

The transmission of inductive effects through carbon-carbon bonds 
:tn hydrocarbon chains and rings can ba studied by considering the changes in 
electronic density in the atamic orbitals of these systems when an artificial, 
standard perturbation of electron density is made in one orbitalo The 
standard perturba'liion used is a change in electron dellsi ty of one atomic 
orbi tal of carbon from l el~ctron to 0 elec'crons" The carbon atom so perturbed 
ia "denoted by Cl' and the carbon atoms directly bonded to Cl are denoted C

2
, 

etc. The QHANGE in the total electron density nt ench hydrogen and carbon 
atom can be obtained from the BoEoEo method atom charges calculated for the 
molecule EEFORE and AFTER the perturbation at Cl is made. For an atom at 
position m, a quantity6m can be defined: 

6 = Change in e1ectron density at ru due to perturbation 
m __ n_. __________ . __________________________________ ___ (151) 

Electron density at ru before perturbation 

For example, the inductive effects in CH
3 

are compared by calculating the C 
and H atom charges when the non-bonded carbon te orbital has an e1ectron 
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density of 100 and 0.00 The hydrogen atom total charge densities are OG9821 

and 0.7689 respectively, and the change in charge density is 0.2132 electrono 

H H ( Then the term ~ equals 002132/0.9821 or Âl = 0.217. The H superscript 

denotes that the atom concerned is hydrogen.) 

H The values of ~ for the hydrogen atoms in alkane chains with 

length one to five carbon atoma are listed in Table I-XI. l'he perturbation 

is made in a te orbital of the terminal carbon atom in these moleculeso In 

sach chain, ~ decreases as m increases, since the inductive effect is m 

attenuated along the chaino For a given position along the chain (eogo m = 2), 

flH decreases slightly wi th increasing chain lengtho 
m 

.:the transmission of inductive effects from one carbon atom ta the 

next in a chain can be studied by defining le, the .T8A~SSION .G.OOW CIENï 

of the inductive effect, by: 

H 
k(m-l,m) o (152) 

Transmission coefficients for the hydrocarbon chains are listed in Table I-XIo 

When m is a methylene unit ( -CH2- ),!cH = 00300 ± 00007, and when m is a 

H + terminal methyl group, le == 00320 - 000080 These average transmission 

coefficients agree well Hith those (0029, 0034 respectively) f'ound by Slnith 

and Eyring by means of an empirical calculation based upon dipole moment 

variations (66)0 In both methods, le is found to be almost independent of 

. the ;ma(.mit.udfl of the inductive effect at C 1" m-

Quanti ties fl C and le C may he defined from the changes in carbon m 

atom charges for the hydrocarbon chainso For each molecule listed in Table 

I-XI, the ·transmission coefficients kC are identical uithin ±OoOl to the 



TABLE I~XI~ Transmission of Inductive Eîfects in Hydrocarbon Chains and Rings 

Hydrocarbon 
Chain Length 

~ ~ fj.H fj.H fj.H 
kU k23 (or îifolecule 3 4 5 

Name) 

l 0217 

2 0194 0064 0328 
3 0192 0059 0017 0306 0316 
4 ,,192 0058

5 
,,017 ,,005 030

5 
029

5 
5 0192 0058

5 0017 0005 0002 ,,3°4 029
4 

Cyc10hexane 0173 0053 ,,017 0009 030
4 0316 

Benzene ,,079 ,,028 0016 .352 

Note: 

a) See the text for definitions of I::l. and of ko 

k34 

031
4 

029
4 

0538 

058
3 

k45 

•313 

f-I o 
0"-
o 
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H corresponding le 0 Since the i.nductive effect parameters for hydrogen and 

carbon are so similarp the data for carbon has not beeu listedo 

Inductive effect data is given ~n Table I-XI for two monocyolic 

rings» cyclohexane and benzeneo 'lbe coefficients H ° k34 and k34 for cyclo-
hexane are substantially higher than the trwlsmission coefficients in the 

hydrocarbon chains sinee two bonded pathways» one "clockwise" and the other 

"anti-clockwise»" erist by which inductive effects can be transmitted between 
two carbon atoms in the ringo If the inductive effect ia assum.ed to be trans-
mitted independently in both directions according to a transmission 

coefficient K, the Silln of the independent cont,ributions at each carbon atom 
in cyclohexane \.,rill be L\ (K + }(5) nt 02)l Lll (K2 + Ic4) at 0y and 

Ll1 (K
3 + }(3) at °

4
0 Hence k12 ;;: K(l + 0-))) le23 ::; K (1...:1:_1\2) and 

1 + Ic4 k
34

::; K (_2 ~o 
1+ K2) 

If the value of K is taken to he 003 (ioeo that found in the hydrocarbon 

chains)>> then k12 ::; 0030$ k23 ::; 0032 and k34 ::: 0055$ in good agreement "Jith 
the coeffici.ents listed for cyclohexane in Table .I~Xlo l'hus the BoEoEo 

method predic·ts that inductive effects are transnût·ted independently in both 

directions in monocyclic ringso 

If the transmtssion coefflci.ents l.isted for benzene in Table I-XI 

are considered in ·the saros manuel' as those for cyclohexane)l then i t is found 

that K =: 0034 for 0tr -Otr bonds)) compared to K =: 0030 for Ote-Ote bonds 0 If 
no electron densi ty changes occur in 'the pi electron systems» then$ unsaturated 
0-0 bonds are predicted ta he more effic.iant in transmi:tting inductive effects 
than are saturated bondso 

The transmission coefficients discussecl above for saturated 0-0 
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bonds (0030 to 0032) are in good agreement with the experimental value of 

0036 established by Branch and Calvin (67) from a study of the relative 

acidities of substituted carbaxylic acidso In addition, the relative trans­

mission coefficients for 0te-Cte and Ctr-Ctr bonds are in the saros order as 

that found by Bowden (68) fram a statistical analysis of soma reactivity data 

for aromatic systems. 
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Inductive Stabilization of Hydrocarbon Ions 

It has been established experim.entally (58) that the stability of 
carbonium ions produced from saturated hydrocarbons is greatly inf1uenced by 
the "nature" of the central. carbon atomg 

C + > tertiary 
+ C secondary 

> C +. 
pr~mary 

Carbonium ions are stabilized by delocalization of the unit positive charge 
from the central atomo Thus lVhen the central carbon atom uses tr hybrid 
orbitals to forro three coplanar sigma bonds in the ion~ the positive charge 
associated lVith the unoccupied PTT atomic orbital can be delocalized from the 
central carbon by tlVo m.echanis:m.s ~ 

i) Hyperconjugationg The unoccupied p orbital of the central atom TT 

enters into a delocalized molecular orbital with occupied atomic orbi tals 
(or group orbitals) of the surrounding groupso 

ii) Inductive Stabilizatlon~ The polarity of the sigma bonds of the 
b~ central carbon increase in the sense Ctr ~ since the electronegativity 

of the posHively charged carbon atom is largeo 

~lly the second effect is considered in this study~ due to 
difficul'Ues in applying the BoEoEo method to multicentre bonds 0 

The first set of hydrocarbon lons consi.dered are (R
l R2R3 Ctr )+ ~ 

where Rp R2l> and ~ are alkyl groups or hydrogen atoIDSj) and Ctr is a 
trigonallrhybridized carbon atom ha"ing zero electron densi ty in i ts p 

TT 
orbital 0 The para.meters in Table I<~III for the C(tr tr tr TT

o) valence 
state \.Jere used in the calculations for the central carbon atom" 

The net part~ial charges of the central carbon atoll! and of the 
hydrogen atoms bonded ta it are listed in Table I~XII for a series of 



TABLE I-XII~ 

R1 R2 R3 

H H H 

H li 116 

H Vs He 

He Me Me 

Et Et Et 

Notes: 

Net Charges of Atoms in Carbonium Ions and Carbanions 

Net Ctr 
Charge in 

+ (11.R~3 Ctr) . 

+002348 

+001985 

+001690 

+Ool444 

+001413 

Net H Atom 
Charge in 

.J.. 

(11. R2R:3 Ctr) '. 

+002551 

+002.351 

+0,,2191 

Extended Hucke1 
Hethod Ca) Net 
Ct Charge in 

r + 
(11. R2R3 Cte ) . 

+00609 

+00571 

+00611 

+00692 

a) From reference 690 

b) Ms denotes a methy1 group~ and Et denotes an ethy1 groupo 

Net Cte 
Charge in 

+ (~R2IJCte) 

+0 .. 3068 

+002752 

+0.2504 

+0.2303 

+0.2279 

Net Cte 
Charge in 

r---.. 

(11.R~3Cte)-

-0.4335 

-0 .. 3897 

-0.3544 

-003251 

-0.3143 

1-' 
1-' o 
" 
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+ carbonium ions (RIR2R3Ctr) a The positive charges on these carbon and 

hydrogen atoIllS decl'eaae as the hydrogen atoros in CH; are replaced by methyl 

groups.. îbe methyl group is a more efficient electron donor to the central 

carbon than is hydrogen because the electronegativity of the central carbon 

is very large, and therefore XH(l) > XCH (1) (see F.lgure 1-5) • 
.3 

The partial positive charges of the central carbon atoms in these 

carbonium ions were calculated by Hoffmann (69) using his Extended Huckel 

Theory Method. These charges have been listed in Table 1-XII for comparison 

with the BoEoE. method. results.. Since electron repulsions are not considered 

explicitly in the ElIT methodJ) most of the delocalization of the positive 

charge from the central carbon atom occurs by the hyperconjugation mechanism 

in these calculationso The net positive charges of the central carbon atom 

calcula"ted by the BoEoE.. method are substantially smaller than those obtained 

by the ElIT methodo 

Since it is energetically favorable to delocallze the positive 

charge froIn the central carbon a.tomJ) the trend of the pa.rtial charges correlates 

,.,ri th the experimantal stabili ty order if the partial posi ti ve charges on the 

central carbons decrease in the order 

primary> secondary > tertiary 0 

By reference to l'able 1-XI1, it can be concluded that the BoEoEo method charges 

do correlate with the experimental order of stabilityJ) but that the EHT charges 

do not correlateo 

The partial charges of the central carbon atoms in "the ion~ 

(RIR2R3Cte)+ and (RIR2R.3Cte)- have a1so been calculated by the BoEGEo 

method, and are listed in Table 1-XIlo The unit positive or negative charge 

in these carbonium ions and carbanions \-Jas localized in a te hybrid orbital 
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of the central carbon atamo 

The B.EeEo method charges for the carbonium ions indicate that more 

extensive delocalization of the positive charge is obtained when the central 

carbon atam uses tr hybrids in the sigma bonds than when te hybridization is 

employed.. The greater delocalization of positive charge in (l1.R2R3Ctr)+ 

+ compared to (RIR2R3Cte) represents one factor which favors a planar geametry 

for the central carbon sigma bonds in carhonium ions. The Extended Huckel 

14ethod positive charges for the central carbon atoms are greater for planar 

geometries than for tetrahedral geometries (69). 

Since the electronegativity of the sigma bond orbitals of the Cte 

carbon are quite lot-l in the carbunions (l1.R2R3Cta); then x
CH3 

(1) > XH(l) 

(see Figure 1-5), and the replacement of the hydrogen atoms in (CH
3
)- by 

methyl groups results in a DECREASE in the partial negative charge of the 

central carbon atom (Table l -XII). In both carbonium i ons and carbanions.9 

the~substitution of hydrogen atoms directly bonded to the central carbon 

leads '!io a reduction in the net partial charge (either positive or negative) 

of the central atomo A much smaller reduction in the net charge is predicted 

to occur uhen a hydrogen atom in one of the methyl groups is reple.ced by an 

alkyl groupo For exampleg the decrease in the positive charge of the central 

carbon from (H3Ctr)+ to (Me
3

Ctr )+ is 00090 electron, campared to a change 

of C~003 electron in going froID (M63Ctr)+ to (Et
3

C tr)+ (Table r-Xrr)o 
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CHARGE DISTF.IBUTIONS IN STJ.BSTITUTED ALKANES 

The inductive effects predicted by the B.E.E. method for saturated 
derivatives of alkanes al~ well illustrated by the charge distributions for 
aliphatic amines~ alcohols, and ethers. Electron densities for such molecules 
are reported in this section. The alkyl halides for.m another set of hydre­
carbon derivatives which can he analyzed by the BoE .. E. method. In these mole­
c~les, the hybridization of the halogen atam bonding orbitals cannot he assessed 
from bond angles. An alternative technique for establishing chlorine and 
bromine atorn hybridizations has been developed (49)0 This technique, which 
employa nucleal' quadrupole resonance spectra, has been applied to a series of' 
organic and inorganic halides by ICaplanslcy and l-1hi tehead (70) 0 

The electronegativities of'.the bonding orbitals of nitrogen and 
axygen atollS are markedly dependent on the s-p hybridization of the orbitalso 
The ionic characters of the bonds f'ormed by nitrogen and oxygen~ and the size 
of the inductive effects produced by the presence of these atoms in a molecule, 
are therefore depandent on the choice of valence atates for nitrogen and 
oxygeno 

The hybrid character of the three bonding orbitals of trivalent, 
saturated nitrogen atoms is usually considered to lie between tetrahedral 
(te) and pure po Since the H-N-H bond angle in ammonia and in methy1amine 
is approximately 1060 (64), and since the G-N-H and G-N-C bond angles in 
saturated amines are app~roxima.te1y 1110 (64)~ the hybrid character of the 
bonding orbitals of nitrogen in these molecules should be close to tetrahedral, 
if it is assumed that these orbitals are directed at the bonded carbon and 
hydrogen atomso 



( 
Similarly, the bond angles in the water mole cule, and in saturated 

alcohols and ethers, indicate that the hybrid character of the bonding 

orbitals of the oxygen atom in such molecules lies between te and p (56,64). 

The electron density distributions in some simple saturated amines, 

alcohols, and ethers have been calculated by the B.E.E. method for both te and 

p bonding orbitals of nitrogen and oxygen, and are listed in Tables I-XIII to 

I-XXVI. These results will be discussed by considering the effect of alkyl 

substitution on the polarities of the bonds formed by nitrogen and oxygen, and 

by considering the inductive effects produced by substituting nitrogen and 

oxygen atams into alkane moleculeso 
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THE POLARITY OF THE BONDS FORMEl) BY NITROGEN AND OXYGEN 

1'he ionie eharacter of an lIj,solated" Nte-H bond is 1.5.8%, in the 
sense Hb+. The N-H bond polarity caiculated by the self-consistent field 
BoEoE .. method is 9036%, and is lower than that for the isolated bond due to 

11.5 .. 

the presence of three polar bonds at nitrogen. If the hydrogen atoms in NH3 
are substituted by alkyl groups, the ionie eharacters of the remaining ~H 
bonds are reduced slightly, since alkyl groups bonded to Nte are electron­
releasing relative to hydrogen.. The effects of the differant alkyl groups on 
the Nte -H bond are not large, hmvever, sincE' the range of Nte -H bond polarlties 
in the amines is only 806 to 902% (Table I-XIII) .. 

The electron-releasing character of alkyl groups bonded to tetra-
hedrally hybridized nitrogen atoms is also illustrated by the trends in the 
G-N bond polarities and the nitrogen atom net charges listed in Table I-XIII o 

The ionie eharaeter of the G-Nte bond in CHJNH2 of 10 .. 82% (in the sense cb+) 
is lower than that of 12 .. '7% for an isolated G-Nte bond, and is further redueed 
as the hydrogen atoms bonded to nitrogen are replaeed by alkyl groups .. 
Similarly, the net charge on the nitrogen atom in NH

3 
of -00281 eleetrons is 

inereased to -00290 ± 0 .. 009 eleetrons in the amines listed in Table I-XIIIo 
Sinee the amino group, -NH2, is eleetroll 'Hi thdra\-lÏng relati va to 

hydrogen, the polarities of the Nte-H and G-Nte bonds are ineraased Hhen more 
than one amino group is present in the moleeuleo 

Although alleyl groups are predicted to ba electron-releasing relative 
to hydrogen whan they are substi tuted for hydrogen atoms .l;mnde.d :t.n njJ;,J:.!lE!e:I;N. 
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TABLE I-XIII: Electron.Distribution About Nitrogen (te Bonding Orbitals) 

in Some Amines 

Molecule i NH i CN Net Charge of 
% % N Atom 

in Electrons 

NH3 9.36 -0.2809 

CH
3NH2 8 .. 99 10 .. 82 -0 .. 2881 

(CH3) 2NH 8.69 10.36 -0.2941 

(CH3)3N 9098 -0.2993 
CH3 GH2NH2 9003 10.70 -0.2875 
( CH3 CH2) 2NH 8075 10.27 -002929 
( CH3 ) 2 CHNH2 9005 10 .. 59 -002870 

(CH3)3 CNH2 9.08 10050 -002865 

« CH3 ) 3 C) 2NH 8085 10.13 -002910 
CH

3 
CH2 CH2NH2 9.05 10.62 -0 .. 2871 

Average (amines) 8.cftO.3 1004=1:0.5 -0029o±OoOO9 

"Isolated" Bond 15080 12071 

NH2CH2NH2 9.77 7077 -0.2730 
NH2C1-12CH2NH2 9026 9078 -0.2829 
NH2 CH2 CH2 CH2N!I2 9.12 10035 --0.2857 



TABLE I-XI11 continued 

Notes: 

a) lbe sign conventions used for the ionic characters reported in 

Tables 1-)[[11 to 1-XXV111 are discussed in the t,ext. 

1170 

b) Note that the "averages" given in the tables are for amines, 

alcohols, and ethers with only one functional nit.rogen or oxygen 

heteroatom.. TIle range of values for the .quanti ties are gi ven after 

the averages 0 

c) Since the charge density changesp from molecule to molecule~ around 

nitrogen and oxygen are larger than those around carbon~ the charge 

data for nitrogen and oxygen in al1 tables is given to one decimal 

place less than that for carbono 
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they are found to he electron-withdrawing when substituted for hydrogen atoms 
bond~ ~ CArbon in the amineso For example,9 if one of the hydrogen atoms in 
the methyl group of CH]NH2 is replaced by another methyl group to give 
CH] CH2NH2~ the Nte -H bond polari ty increasesJ) and both the G-N,te bond polari ty 
and the net negative charge on the nitrogen atom decrease (Table I-XIII). 

N -H and G-N Bonds ,p p 

The polarities of the N-H and G-N bonds calculated by assuming pure 
p bonding orbi ta1s on ni trogen are listed in 'l'able l -XIV for the amines 0 Since 
the electronegativity of a nUrogen atom p orbital is greater than tha"/:. of 
hydrogen but is less than -bhat of a te orbital of carbon, the polarities of 

(Ir ù+ ù- Dol-these bonds are in the sense N -H, and C -N ,0 The N-H bond ionic characters 
in the amines.? 1.] ± Oo7%p are larger than that of 0071% for the isolated 
bondo llie G-N bond polarity varies over a 1arger range)) from -0.27% to p 

Sincs the e1ectronegativity of a p orbital of nitrogen is on1y 

slightly 1ess than that of a te carbon orbitalp then Xalkyl (1) > :;r(l) ~ 
and a1kyl groups are found to he e1ectron-'\üthdraHing relative to hydrogen 
in the amineso For example5) the replacement. of either type of hydrogen atom 
in Œ!]NH2 by El rnethy1 group 1ends to a decrease in the electron density of 
the ni trogen atomo The calcu1ated inducti va effects of allcyl groups in amines 
a:r')~ therefore,9 very dependent on the na'ture of the hybridization which is 
assmued for the bonding orbitaIs of the nitrogen atomo 
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TABLE l -XIV g Electron Dis'~ribution About Nitrogen (p Bonding Orbitals) 

in Soma Amines 

Molecule i NH 
i

CN 
Net Charge of . 

% % N Atom 
in Electrons 

NlJ 0.)9 -0.0116 

CH) NH 2 0.96 -1057 -000035 

(CH))2NH 1.41 -0.85 +0.0029 

(CH)))N -'Ou27 +000081 

CH)CH2NH2 1.09 =2001 -000016 

( CH) CH2 ) 2NH 106) ~1.012 +000061 

( CH) ) 2 CHNH2 1.20 ~2.1+0 -000001 

(CH))3 CNH2 1.)0 ~2.7) +00001) 

«CH))) C)2NH 1.98 -1.54 +000111 

CH) CH2 CH2NH2 1.1.2 ~,2.1) -0.0011 

Average (amines) 1..)±0.7 -1061:1.) +0000)±00008 

"Isolated" Bond 0071. ",1.1) 

NH2 CH2IDI2 0.95 ~1054 -0000)6 

NH2 CH2 CH2IDI2 1008 ~'L99 -000017 

NH2 CH2 CH2 CJI2NH2 1.1.2 -,2.1) -0.0012 
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Base strength of Amines 

The basic strength of saturated amines in aqueous solution is 

affected by the elec'bronic structure of these molecu1es (71) 0 For an andne 

R3N.II.in which R3 represenbs three different atoms or groups of atoms, the 

base strength is measured by the simplified equilibrium constant, I~ , of the 

reaction 

(153) 

The constant Kb ls usua11y expressed in tex'lllB of pI~~ 

" (154) 

Ih'O\oJ'U et alo (71) have noted that the base strength of amines is 

increased by a large runount of electron dens.i ty at. the ni trogen atom, and is 

decreased by bu1ky groups bonded to nitrogen vlhich sterica11y interfere with 

each other .. 

The 'P~ values for a number of s.imple amines are 1isted in Table 

r~xvo The amines are c1.assified in the table according to the number of 

carbon atoms bonded to ni'trogsnf and m.thi,n each group the amines are listed 

in arder of increasing base strengtho Charge density data for 'bhe free and 

protonated amines is\ ,8,lso listed in Table I=XV 0 The electron densi ties in the 

free rouines Here calcula'ted for the (te2tetete) valence state of ni trogeIl, 

\.,rhi1e those for the protonated amines \vere generated from the (tetetete) 
nitrogen valence sta'te (Table r~"nI)o 

t.J.ithin each of t.he three series of amines listed ïn Table r-xv, 
i\:NH

3 
and HONH,2 are also inr:üuded ln the Irpr.imaryil andne classificationo 
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TABLE I-XV g Correlation Between Basici ty and Elee'tron Densi ty of Sorne .Amines 

Amine pKb i NH in Net Charge Net Charge Change :In 

at Proton- Lli NH of N in of Nin Net Charge 

2.5°C ated Free Base Protonated of N (in 

(a) Amine(%) (in Amine (in eleetrons) 
e1eetrons) eleetrons) 

Prima:g; 

HONH
2 7049 28095 14008 '-001754 +0.0902 002656 

NH.3 4.,14 .2.lto 70 150.34 =0.,2809 +0.0119 002928 

NII
2

CH
2

CH
2

NH
2 .3089 230.32 1.3 0 56 ~'002729 -000139 002590 

CH.3 CH2 GHZNH2 2.99 .2.3 014 lit 0 09 '=002871 -00017.3 0.2698 

CH
3

NH2 2088 23020 14021 ~'O02881 -000161 002720 

GH
3

CH2NH
2 2077 .2.3 .13 14.011 ~Oo287.5 ~Oo0175 0.2700 

§econdars; 

(GH.3)2NH 2099 .21093 13034 '~00294:2 ~'000402 002540 

( CH.3 CH2 CH2 ) 2NH 2070 .21083 1,'3004 ~002922 ·-0.0420 002502 

( CH.3 CH2 ) 2NH 2.60 21. 81 1.3 006 ,=002929 -0.042.3 0.2506 

l'erti~ 

(CH3 ).3
N 4028 2008J ~00299.3 -000610 0.2.383 

(CH.3 CH2 CH2 ).3N .30.3.5 20071 ""0.2965 -0006.32 002.3.3.3 

(CH.3 CH2 ).3N 3.25 20 0 69 '=002975 -0006.37 0.23.38 
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TABLE I-XV continued 

Notesz 

a) The p~ are the statistically-corrected valuas given in Table 16-4 

of Fo E. Condon and H. Meislich "Introduction to Organic Chemistry" 

Holt ll Rinehart and Winston. New York. 1960. 

b) MNH = i NH (protonated amine) - i NH (free amine) 

c) Change in net charge on N = Net charge in free base - Net charge 

in protonated amineo 
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both the N-H bond polarity, and the N atom charge, in the ~otQnated amines 
correlate 'Id·th the pKbo The base strength increases as the positive charge 
of N and H decreaseso Since these correlations are superior to those using 
the .t:I:e..e. amine charges,\) the basici ty of an amine is probably determined primari1y 
by the properties of the protonated forma The correlation of pKb with N-H 
bond po1arity in the protonated amines is illustrated in Figure I-6o The 
existence of different correlation lines (A, B, C) for the different N atom 
types is probably a steric effect. 

The e1ectron density distributions of the 0-H and 0-0 bonds of some 
simple~ saturated a1coho1s and ethers,? in vlhieh the oxygen atom is assumed to 
use te hybrid orbitals for bonding, are given in Table I-XVIo Sinee the 
e1ectronegativity of oxygen te orbita1s is high, the D-H wld 0-0 bonds are 
quite polar in the sense Ob-, and the net negative charges of the oxygen 
atoms are quite largeo The ionic eharaeters of the D-H bonds in aleoho1s p 

a.bout 1606%, are slightly levier than that of 1803% in waterj) and are substan~ 
tial1y lsss than that (2509%) predicted for an iso1ated o-H bondo The 0-0 
bond polarities in the aleohols of 2205 ± 002% differ on1y slight1y from that 
of 2.3006% predic·ted for an isolated o-0te bonde The polarities (2005 ± 001%) 
of the 0-0 bonds in the ethers are some\'Jhat 10l.Jer than those in the aleohols 0 

1'he net negative charge of the oxygen atoma in the ethers is about 0002 
eleetron greater than that in the alcohols (Table X-XVI)o 

The BoEoEo method charge distributions listed in Table I-XVI for 
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Notes: 

Figure 1-6: 

CORRELATION OF BASIC STRENGTIIS OF AMINES HITH 

N-H BOND POLARITY IN THE PROTONATED AMINES 

Curve A represents "primary" N atoms p 

Curve B represents "secondaryll N atoms 0 

Curve C represents "tertiary" N atoms 0 



o 

co 
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TABLE I-XVI: Electron ~stribution About Oxygen (te Bonding Orbitals) 

in Soma Alcohols and Ethers 

Molecule i OH iCO Net Charge of 

% % 0 Atom 
in Electrons 

H20 18032 -0.3665 

CH
3

0H 16.64 22.40 -0.3904 

(CH
3

) 20 20.44 -004088 

CH
3

CH2OH 16060 22.51 -:-0.3910 

(CH3 CH2 )20 20048 -0.4095 

(CH3)2CHOH 16056 22060 -0.3916 

(CH3 )3 COH 16053 22068 -0.3920 

« CH3 )3 C) 20 20 0 53 -0.4106 

CH
3 

CH2 CH2OH' 16062 22~45 -0.3907 

Average (alcohols) 1606±Ool 220,±002 -Oo391±00001 

Average (ethers) 200,±Ool -0041o±Oo002 

"Is olated" Bond 25094 23006 

CH2 (OH)2 1808.3 17 .. 09 -003593 

CH2OHCH2OH 17024 20094 -003818 

CH20HCH2 CH20H 16081 21099 -003880 
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molecules with tetrahedrally-hybridized oxygen atoms indio~te that alkyl 

groups are more effective electron-releasing agents than is hydrogen when the 

alkyl group replaces a hydrogen atom bonded to either the oxygen atom or to a 

carbon atom directly bonded to oxygen; replacement of a hydrogen atom bonded 

to any other type of' carbon atom leads to a withdrawal of electron densityo 

o -H and 0-0 Bonds 
p p 

Electron distributions for the D-H and 0-0 bonds in alcohols and 

ethers~ in ,.,rhich the OJcygen atom bonding orbitals are assumed to be pure PSI 

are listed in Table I-XVIIo Since the polarity of all the 0-0 and D-H bonds 

listed is in the sense 0&-, the oxygen atoms carry a net negative chargeo 

The average 0p-H bond polari'ty of 600 ~ 002% is lmrer than that of the 

isolated bond (8078%), whereas the 0-0 bOlld ionic characters of 600 ± Oo/io% 
p 

are very close to that (5085%) calculated for an isolated 0-0 bondo The 
p 

clear differentiation betHeen the polari ties of the D-H (and 0-0) bond in 

alcohols and in ethers,established for te hybridization of the oxygen,is not 

found in the electron distributions for 0 -H and 0-0 bonds 0 The rela'l:iive 
p p 

inductive effects of alkyl groups and hydrogen atoms in aleohols and ethers 

in whieh p orbitals are used for bonding on oxygen are the sarna as those 

found fer amines Hith tetrahedral nitrogenp sinee methyl groups are electron-

releasing only vlhen they substi tute hydrogen atoms bonded to the oxygen atoms 

(Table I-XVII)o 

Summary of Inductive Effeets 

The inductive effects of alkyl groups relative to hydrogen predic'!ied 
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TABLE I-XVII: Electron Distribution About Oxygen (p Bonding Orbitals) 

in Sorne Alcohols and Ethers 

Molecule i OH iCO Net Charge of 
% % ° Atom 

in Electrons 

H20 5 .. 99 -0.1199 
CH30H 5. f!fl 6025 -0.1212 

(CH3)20 6011 -001222 
CH

3Œ2OH 5098 6003 -001200 

(CH3CH2)20 6001 -001202 

(G'H3 ) 2 CH OH 6.07 5084 -001190 

(CH] )3COH 6014 5067 -001181 

«CH3)3 C)20 5085 -001170 
CH3Œ2Œ2OH 6.02 5094 -001196 

Average 
60o±Oo2 600:1=004 -00 12o:l"Oo003 (alcohols, ethers) 

"Isolated" Bond 8078 508, 

CH2 (OH)2 6076 4033 -001109 
CH2OHŒ2OH 6024 'oLI-' -001169 
CH2OHCH2CH2OH 6010 '077 -001186 
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by the BoEoE. method oaloulations for hydrooarbons and their derivatives are 

summarized in Table I-XVIlo In this 'Gable, "R" denotes that alkyl groups 

release eleotron density when substituted for â hydrogen atom bonded to the 

atom indicated, whereas "W" represents a wi thdrawal of eleotron densi ty when 

the substitution is made. The predioted inductive effeots in nitrogen and 

oxygen derivatives are in sarna confliot with experimental data, since alkyl 

groups are UBually oonsidered to he more effective electron-releasing agents 

than hydrogen when substituted at any point in a saturated alkane derivative 

oontaining an atom of greater eleotronegativity than oarbon (58)0 This topic 

i8 disoussed further in Part Io 40 



( 

TABLE I-XVIII: Predicted Inductive Effects of Alkyl Groups Relative to 

Hydrogen in Hydrocarbon Derivatives 

Point of Substitution(a) 

Notes: 

Nature of 
He te roat om 

Cte 

Ctr 

Cdi 

Nte 

N 
P 

Ote 

° p 

At. 
He te zr'oat om 

W 

Rs> t/b) 

R 

R 

\1 

R 

R 

(a) As explained in texto 

At Carbon Atom 
Bonded to 

Heteroatom 

w 

w 

vI 

R 

vi 

At other 
Carbon AtoIIlS 

w 

vi 

vI 

t'l 

\1 

w 

(b) R' for Ctr in benzenes, vi for Ctr in ethylenes 0 
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CARBON-HYDROGEN AND CARBON"-CARBON BONDS IN AMINES.)l ALCOHOLS AND ETHERS 

The presence of a ni trogen or oxygen atom i.n a chain of carbon 

atoms produces changes in the G-H and o-C bond polaritieso These inductive 

effects are oost discussed by considering both the C and H atom charge 

density distributions in substituted alltane derivatives.ll and the CHANGES in 

the charge distributions of the alkanes which occur when one carbon atom is 

replaced by a nitrogen or oxygen atomo 

O-H Bonds 

The ionie characters of -I:;he carbon~hydrogen bonds in the amines, 

alcohols and ethers previ')usly discussed are listed in Tables I-XIX to I-XXIIo 

A quantity ill. CH is also listed in these tables for every G-H bond, and is 

defined as the INCREASE in i CH in the alkane derivative over that in the 

corresponding alkane t.,rhich .is-form.ed by r'eplacing each nitrogen or oxygen 

atom in the mole cule by a sat.urated carbon atomo It should he noted that only 

the CJI N and 0 ritom frarIle1.wrks orthe mole cules are listed in these and subse-

quent tables, and that the atom numbering scheme differs from that used for 

hydrocarbons and hydrocarbon. ions 0 

The polarity of aIl the G~H bonds listed in Tables I-XIX to I-XXII 
&~ &+ 

are in the sense C H 0 Sinee the eleetronegativity of the te orbitals of 

ni trogen ll and of" both te and p orbi tals of oxygen, are grea.ter than the 

eleetl"onegativity of the ca.rbon atOlll.9 \'lhich they replace, the G-H bond ionie 

charaeters listed in Tables I=XIX, I~XXI, and I=XXII are larger than those 

in the alkanes (i"e" ill' CH > 0 he-œe)o The electronegativity of a nitrogen 

atom p orbital 18 less than that of Oal'b0119 and the M
CR 

in Table I-XX 
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TABLE 1-XIX: Carbon-Hydrogen Bond Ionte Charaeters in Some .Amines 
(te Hybridization for Nitrogen) 

Moleeu1ar lC II lC H lC II ÂiC H Lü
CZI MC H 

Framework 1 Z .3 l .3 
% % % 

1 
C-N 40046 20260 

2 l 
C-C-N 40142 20529 20094 0.661 

'1 
C-N-C .3 0 950 20082 

.3 2 1 
C-C-C-N 4.204 20734 20085 20081 00611 0019.3 

2 1 
C-C-N-C-C 40061 2050.3 10917 00604 

1 
C 
1 

C-V .3 0 869 10929 
C 

C 
1 1C- N 4022.3 20555 10949 00615 
1 
C 

2 
C 

l' C-C-N 20577 00576 
! 
C 

1 
N-C-N 60.369 40321 

1 
N-C-C-N 40841 20718 

l 2 
N-C-C-C-N 40410 .30416 20266 10220 
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" 
TABLE I-XIX continued 

Note: 

a) In this and in subsequent tables 

LllCH = i CH (in amine or alcohol) - i CH (in alk!ane) • 
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TABLE I-XX: 

Moleoular 
Framework 

1 
C--N 

2 1 
C-Q-N 

1 
C-N-C 

3 2 1 
C·-C-C-N 

2 l 
C-C-N-C-C 

1 

f 
C-f 

C 

2 
C 
1 ly_N 

C 

2 
C 

l' C-C-N 
1 
C 

1 
N-G-N 
1 

N-C-C-N 

1 2 
N-C-C- C-N 

Carbon-Hydrogen Bond Ionio Gharaoters in Amines (p Hybridization 
for Ni trogen) 

i ia H iC~I MCH . tdc H Âic'fr G1H 2 3- . l, 2 3.; % % % 

1.1 .. 59 -00327 

1.743 1.773 -0.,305 -0.095 

1 .. 608 -00260 

10819 20034 10864 -0 .. 304 -0 .. 089 -00028 

10912 10825 -00232 -00074 

1.,730 -00210 

1 .. 988 1 .. 850 -00286 -0.090 

10917 -00084 

L.4A/, -00604 

1..731 -00392 

10815 20019 -0.,329 -00177 



TABLE I-XXl: Carbon-Hydrogen Bond Ionie Characters in Some Alcohols and 

Ethers (te Hybridization for Oxygen) 

Moleeular iO H iO H 10 H AiOH ÂiO.'H Lll CH !t'ra.mework 1 2 J 1 2 J 
% % % 

1 
0-0 60474 40688 

2 1 
0-0-0 60J75 J02J7 40J27 10J69 

1 
o-o-c 60062 40194 

J 2 1 
0-0-0-0 6042J JoJ90 20291 40.300 10267 0 .. .399 

2 1 
0-0-0-0-0 50991 Jo115 Jo847 10216 

2 
0 
1 

10-0 60291 J0210 4 .. 017 10270 
1 
0 

2 
0 
1 

O-*O---ü Jo188 10187 
1 
0 

o-c-o llpJ66 90J18 

1 
0-0-0-0 70811 50688 

l 2 
0-0-0-0-0 6,,844 407.31 40700 :'05.35 



TABLE I-XXII: 

1 
0-0 

2 1 
o-c-o 

1 
o-o-c 

3 2 1 
0-0-0-0 

2 1 
o-c-o-o-c 

2 
0 
1 

lC-O 
1 c 

2 
0 

l' 0-0-0 

b 

l 
0-0-0 

l 
0-0-0-0 

1 2 
0-0-0-0-0 

Oarbon-Hydrogen Bond Ionie Characters in Alcohols and 

Ethers (p Hybridization for axygen) 

iO H i i Mo II ÂiC II MO H 
1 °2H 0JH 1 2 3 

% ~& % 

3.091 10305 

30260 20250 10212 00382 

30062 10194 

30,328 20477 20003 10205 00354 00111 

30256 2,,249 10112 00350 

30405 20296 10131 00356 

.2 0336 00335 

40545 20497 

30696 10573 

30456 20902 10312 00706 

1.350 
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are negativeo The 61 GH within each mole cule decrease rapidly as the number 

of O-C bonds between the N or 0 atom and the o-H bond of interest increaseso 

The transmission coefficients for the inductive effect are similar to those 

established for hydrocarbon chains in Part 1. 3. Co For the amines, alcohols, 

and ethers in which te hybridization is used for the bonding orbitals of the 

nitrogen and axygen atoms, the ~CH values for the amines (Table I-XIX) are 

approximately one-hail of the corresponding ~mI in the alcohols and ethers 

(Table I--XXI). The B .. E.E. method predicts, the n, that the inductive effect 

produced by Ote is twice as great as that of Nteo 

Since, in each of Tables I-XIX to I-XXII, the ~CH for a given 

position (e"g. Cl)' are almost inde pende nt of the structure of the mole cule 

containing one N or 0 atom, it can be concluded that the BoEoE" method predicts 

that the inductive effect produced at a given point by either nitrogen or 

axygen substitution is virtually independent of the structure of the l'est of 

the hydrocarbon chaine For example, the inductive effect produced by Nte at 

the Cl-H bond is 6i CH = 201 ± 002%0 The ~CH data for the disubstituted 

alkanes listed in Tables I-XIX to I-XXII indicates that the inductive effect -'\'1 

produced by multiple substitution in the alkanas is approximately additive, 

in agreement with experimental chemical and physical evidence regarding the 

effect of polysubstitution (72). 

O-C Bonds 

The O-C bond ionic characters for the amines, alcohols and ethers are 

listed in Table I-XXIII (for nitrogen derivatives) and Table I-XXIV (for 

oxygen derivatives)o The sign convention used here is that iCC is positive 
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TABLE I-XXIII: Oarbon-Oarbon Bond Ion:l.c Oharacters in Amines 

te Orbitals for N p Orbitals for N 

Molecular i i bJ. i i bJ. 
Frame\Vork °1°2 °2°.3 01 02 °1°2 °2C.3 Cl C2 

% % % % 

2 1 
C-O-N .3 .. 561 .3 u165 -0.065 -0.331 

3 2 1 
C-G-C-N 3.244- 1.432 3.244 -00472 0.374 -0.472 

2 1 
C-C-N-C-C 30439 2.898 00189 -0 • .352 

2 
C 
1 

1 0- N .30684 2u848 00305 -0 .. 431 

~ 
2 
0 

11 
O-~-N 3.791 20758 00627 -0 .. 406 

1 2 
N-C-o-N 0,,000 OuOOO 00000 00000 

1 2 
N-O-O-O-N 20195 20081 -0 .. 450 -0 .. .336 

Note: 

a) In this table and the neJCtp 

bJ. OO == iOC (in amine or alcohol) - iOC (in alkane) " 



'l'ABLE I-XXIV: Oarbon-Oarbon Bond Ionie Characters in Alcohols and Ethers 

te Orbitals for 0 p Orbi talD for 0 

Molecule i i. 0 ° tu 10 ° i frl OG °102 2 3 01 °2 l 2 °2°3 1 2 
% % % % 

2 l 
0-0-0 6.953 60557 2.226 10830 

3 2 l 
0-0-0-0 6.720 28424 60720 10877 10043 10877 

2 l 
0-0-0-0-0 60367 50826 20221 10680 

2 
0 
1 10- 0 60825 60089 20445 10709 , 
0 

2 
0 

11 O-y-O 60716 50683 20635 10602 

0 

1 2 
.o-c-o-o 0 .. 000 00000 00000 00000 

l 2 
0-0-0-0-0 40680 40566 10223 10109 
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if the carbon atom nearest the substituent atom (N or 0) is the negative end 

of the bondo The changes ÂiOO in 0-0 bond polarity due to substitution of 

carbon by ni trogen or oxygen are also l:Lsted' for the 01-02 bond in each case 0 

The ionic characters of the carbon-carbon bonds in the hydrocarbon 

derivatives are much greater than those in the unsubstituted alkaneso For 

each hybridization listed in the two tables, Âi is almost independent °1-°2 
of the molecular structureo The sign and magnitude of the Âi ter.ms are °1-°2 
consistent with the relative electronegativities of Nte , 

Ote as discussed under "o-H Bondso" 

N , 
P 

o and 
p 

The carbon atom net chargés for the alkane derivatives with one 

substituent atom are listed in Tables I-XXV and I-XXVlo AlI the carbon atoms 

are predicted to carry a net negative charge, with the exception of those 

directly bonded to Otee For Nte , Op and Ote substituents, the net negative 

charges of carbon are less than those in the n-alkanes, whereas for an N 
p 

substituent, the net. negatiive charges are greater than in the alkaneso The 

trends in the carbon net negative charges in the disubstituted alkanes are 

similar to those found for the o-H bonds in these moleculeso 
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( TABLE l - XXV: Carbon Atom Net Charges in S'oms Amines 

te Orbitals for Nitrogen p Orbitals for Nitrogen 

Molecular Net Charge of Carbon Atoms Net Charge of Carbon Atoms 

Frame\~'ork C C., C
3 Cl C2 C

3 1 tt;;. 

1 
C-N -0.0132 -0.0595 

2 1 
C-C-N -0.0114 -0 .. 0403 -0.0543 -0.0538 
1 
C-N-C -000149 -0.0568 

3 2 1 
C-C--C-N -000104 -000366 -0.0482 -000530 -000491 -000522 
2 1 
C-C-N-C-C -000129 -000407 -0.0513 -000529 

1 
C 
1 

C-N -Oe0163 -0 .. 0546 1 
C 

2 
C 
1 

lC-N -000100 -0 .. 0398 -000499 -000524 1 
C 

2 
C 

l' -000088 -000394 -0..,0461 
C-C-N 

-000512 1 
C 

1 
N-C-N +000279 -000597 

1 
N-Ç-C-N +000009 -000546 

1 2 
N-C-C-C-N -000067 -000244 -000531 -000494 
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TABLE l -XXVI: 

Molecular 

Framework 

1 
0-0 

2 1 
0-0-0 

1 
0-0-0 

3 2 1 
0-0-0-0 

2 1 
o-c-o- 0-0 

2 
0 
1 

10- 0 
1 
C 

2 
0 

11 
C-1-0 

C 

1 
0-0-0 

1 
o-o-c-o 

1 2 
0-0-0-0-0 

1410 

Carbon Atom Net Charges in Soma Alcohols and Ether s 

te OrbitaIs for Oxygen p OrbitaIs for Oxygen 

Net Charge of Carbon Atoms Net Charge of Carbon At oms 

Cl C2 C
3 Cl C2 0

3 

+0.0298 -0.0302 

+0 .. 0280 -0.0276 -0.0272 -0.0452 

+000225 -000307 

+000289 -Oo021~8 -000445 -0 .. 0260 -0.0412 -000497 

+000213 -000298 -000272 -000453 

+0.0267 -0.0281 -0.0246 -000444-

+0.0253 -0.0285 -0.0223 -000437 

+0.1146 -000043 

+000532 -000194 

+000363 -000010 -000237 -0.0336 
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1. 3. E CORRELATIONS OF mE CHARGE DENSITIES vlIm N.M.R. GHEMIGAL SHIFTS 

îhe B.E.E. method charge distributions for saturated molecules may 
be "tested" to establish their validity by attempting to correlats the atomic 
charge densi ties t·li th experimental properties which are known to be strongly 
depandent upon electron densities. For the molecular systems considered herein, 
the nuclear magnetic resonance (N.M.R.) chendcal shift is the most convenient 
experimental measure of the electronic charge density about the various nuclei. 

In NoM.R .. spectroscopy, the shielding constant 0 of the magnetic 
nucleus in a mole culs is determined by the electronic environment about that 
nucleus (73). The strength of the local magnetic field, H, at a nucleus 
in an NoM.R. eÀ~rimant is given by the expression (73)~ 

H = II (1 - CS) o 

Hhere H is the strength of the externally-applied magnetic field.. A o 

(155) 

chemical shift parameter, 0, is defined for each nuclear species relative 
to ths <:ihielding constant of that type of nucleus in a standard reference (73): 

o ;::; ô' - ô R = H-H 
fi (156) 

In this equation, ~ and cs- R denote the required magne tic field at 
resonance, and the screening constant of the nucleus in the reference sampleo 

îhe shielding constant 0- for a nuclei L in a molecule ia con-
veniently subdivided into parts according to the approximate scheme of Sallea 
and Slichter (74): 

CS' L1 + 
d 

(J'LL+ 
P 

L 
M\1 o 

(157) 



11 
The terms Ô d and 

contributions to ~ 1 

6" 11 are tIlose diamagnetic and paramagnetic 
p 

which can be localized on atom 1. 'l'he term 

.L () LM repreaents the anisotropie screening contribution to a 1 
due 

14\:1 
~ Ô 1j/ring to local eleetron currents on atoms other than Lo The term ~ 
ring 

is a screening term which is important only in molecules with substantial 

:dng currents" and will he of negligible magn.i. tude for the molecules to be 

considered (73). 

The local diamagnetiq. screening term, (5 d' is given by the 

formula (75) 
LI. 

()d ::: 
2 e 

. 2 
3 me 

(15$) 

\·,here e, m are the charge and mass of the electron, c i8 the speed of light, 

and < ra-l > is the mean inverse distance of electron a from the nucleus 

10 Since the summation over a is over all the electrons on the atoIDl' the 

local diamagnetic screen:i.ng contribution to (5 will be directly proportional 

to the electron density of the atome llie rate of increase in ô' d Hith 

charge density is about 15-20 parts per million (p~pom.) par electron for 

carbon and hydrogen (73,75)0 

Except for hydrogen nue lei, variatiqns in the local paramagnetic 

screening termj/ cr pLL, are mainly responsible for the range of observed 

chemical shifts. According to Pople's 1CAD-MO theory of diamagnetism (76), 

(j 11 may be 
p 

approximately' express~d for hydrogen and carbon as 

cr 11 ::: 
p 

. 2~~.2 
- e :4 

2 2 2 ID C ~ E 
o (159) 

In this equation, ~ is (~2 rr) times Planck's constantl' h; ~ is an 



c 
average electronic excitation energy, < r -3> 2 is the mean inverse cube 

. p 

radius of the 2p atomic orbi tals; and L ~ is a tarm involving· the 
fV\ 

bond orders of the occupied molecular orbi tals (75,76). 'The cr 11 p 

contribu·tion to the screening constant 6' L is quite large for carbon atoma, 

and is de pende nt upon the total electronic charge donsity about the carbon 

atom, since as this charge density increases the 2p orbitals expand and 

the term < r-3 > 2p decreases. Pople (76) has shown that, if the net charge 

associated with the carbon atom L is -qL electrons, then for small values 

of qL' < r -3> 2p varies linearly wi th qL: 

(160) 

In 'this expression, a . is the Bohr radius. 
o 

L LM ,C) 
~L 

Provided that the variations in the terms Lili, L QLM' and 
M 

are slight, the shielding constant CS for hydrogen and carbon 

atoms should he directly proportional ·to the charge densi ty about these atoma, 

.- 11 since both U' d and Ô 11 increase linearly ,.,ri th the net atom charge 0 p 

For the saturated molecules considered in the present work, the term L '\M 
M 

is almost constant if the bonds formed by atom Lare not too ionie (76,77). 

Any deviations from linearity of charge density versus sereening constant 

correlations will, therefore, be due to variations in the average electronic 

excitation enf3rgies, Lili, and/or to variations in the neighbour anisotropy 

screening contribution L cr LM, or to the inaceuracy of the calculated 
M?xL 

charge density distributionso 
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13 C N.M.R. Chemical Shift Correlations 

llie experimen'~al 13 C N .M.Ro c,hemical shifts in aromatic mole cules 

are strongly depandent upon the electron charge density associated \oTith tille 

pi atomic orbi tals of the conjugated carbon atoms (73,75,76,78) 0 Spiesecke 
and Schneider (79) measured the 13C N.M.R. chemical shifts in the series 

C
5

H
5 
-, C

6
H

6
, C

7
H

7 
+, Cil82;-, and determined that the rate of change of 

the shielding constant \-ri th electron densi ty is about 160 p. p.m. par pi 

electron. other correlations of pi electron charge density \·rith chemical 

shift have established this rate of variation to be in the range of 160-200 

pop.mo per electron (78)0 

Semi-quantitative correlations of the 13C NoM.Ro chemical shift 

with carbon a'~om charge density have been established for certain series of 

saturated and unsaturated hydrocarbon derivatives by using inductive effect 

parameters such as the Pauling electronegativity or Hammett (5' value of the 

substi tuent atoms or groups (73). Arly deviations encoun'~ered in such correla-
tions are usually attributed to variations in the neighbour anisotropy 

screening contribution, ~ 0 LM 0 

~L 
Grant and Paul (80,81) measured the 13C NoMoRo chemical shift 

(relative to benzene) of each inequivalent carbon atom in the n-alkanes 

C
3

H8 to CI OH22' and in several branched hydrocarbonso The chemical 

shifts, bL , for the carbon atoms L in the n-alkanes cau be accurately 

described (80,81) by the linear expression 

(161) 

where R is an empirical constant for the presence of a carbon atom in the M 



Mth position relative to carbon atom L, and NLM is the number of carbon 

atoms in the Mth position. The summation L runs over all the possible 
M 

positions (a, ~, • 0 0) relative to carbon atom L. The empirical constants 

~ were fitted from the experiroental data, and the standard deviation of 

the empirical fit for all thirty chemically inequivalent carbon atoms in the 

n-alkanes CH4 through C10H22 was only 0.21 p.p.ms (80,81). The empirical 

correlation is less satisfactory when branched alkanes are also considered 

(80) .. 

Grant and Paul (80) found that the empirical constants ~ 

correlate linearly \.ri th the estimated neighbour anisotropy variations due 

to carbon-carbon bondso Houever, the magnitude of the neighbour anisotropy 

contri bution.9 2:" (j LH, is probably of minor importance in determining 
M\L 

the chemical shifts in the alkanes (80)0 If the range of chemical shifts 

observed for the alkanes is due to variations in the neighbour anisotropy 

screening term, then 6 Xo- C .9 the anisotropy of the magnetic susceptibility 

of a carbon-carbon single bond, would have to be approximately two orders of 

magnitude greater than all previous estimates (80,81)0 

The 13C NoMoRo chemical shifts, oC' (relative to benzene) of the 

n-alkanes CH4 through Cl aH22 listed by Grant and Paul are given in 

Table I-XXVllo This table of chemical shif'ts is set up so that comparisons 

with the corresponding carbon atom net charges (Table I-IX) can he easily 

made.. The trends in the 13C chemical shifts (Table I-XXVII) correlate 

quali tatively l·lith 'I:;he llet atom charges (Table I-IX) " vii thin each n-alkane 

molecule, bath Oc and the excess negative charge (qC) of the carbon 

atoms decrease in magnitude as the centre of the illolecule is approachedo 
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TABLE l ~ XXVII ~ Experimental 13C NoMoRo Chemical Shi.fts i.n popom., 

Note~ 

for the n-Alkanes C H2 ~2 m m. 

Value Chemi.cal Shifta ~Rel.atlve to Benzene) et Position 
of m 

1 1.3008 

2 1,2208 

.3 11.3 010 112062 

4 11.5048 10.3068 

.5 114097 10601.3 

6 114082 105078 

7 114075 10.5070 

8 11406.5 105067 

9 114067 10506.2 

10 1140.55 105072 

a) Data from refer-ence 800 

C 
.3 

94.,17 

96066 

96030 

96032 

960,2.5 

96026 

99023 

99002 

9808.5 98058 

98078 98043 



For. carbon atoms of a gi ven posi tioll~ for example CIS' both ~ C and qc 

generally decrease with increasing chain leng~~~ and the changes in both 

quantities which occur between sucoessive n-alkane molecules decrease rapidly 

with increasing chain lengtho Deviations from the parallel variation of ~C 

and q consistently occur .whene1l6l: the carbon atom concerned is bonded to one 
c 

or more ethyl groupso 

lbe chemical shifts and net charges of the carbon atoms in some 

branohed hydrocarbons have been llsted in Table 1-V1Io 'lhe chendcal shifts 

of the carbon atoms of all the alkanes listed in Tables 1-V11 and I-XXV11 

are plotted in Figure 1-7 against the corresponding carbon atom net chargeso 

The darkened circles in this and in the next figure .in this section denote 

points corresponding to tHO or more chemica1.ly inequivalent atoms Hhich have 

almost identical values of the chemical shift and net chargeo 

Binee the scat ter of points in Figill'e 1--7 is qui te large ~ no single 

correlation curve has been draHn through the pointso 'lhe correlation of the 

chemical shifts and the net charges of the carbon atoms is substantially 

improved if the points vlhich correspond to any carbon atom ,,,hich is bonded to 

a branched or unbranched chain of length tHo carbon a.toms are not consideredu 

The correlation plot for the remainlng carbon atoms 18 glven in figure 1-80 

'lhe plot in figure 1-8 indicates the existence of an approximate 

linear correlation of ~c ,.,ri th qc for the restricted set of carbon atoms 

consideredo As expected from previoua theoretical and empirical considera­

tions,? the shielding constant of a carbon nucleus (as eJ..rpressed in terms of 

i ts chemical shift) increases ,ü th increasing charge densi ty around the 

nucleus. The slope of the correlation 11.n6,9 appr.oxima.tely 2J.00 popoIllo pel' 

electron,? is about ten Urnes as large as previous estimates of this quanti ty 

(78) 0 
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Figure 1-7: 

13 PLOT OF C NoMoR~ G~GAL SH1FT AGAINST CARBON ATOM 

Notes~ 

NET CHARGE FOR THE ALKANES 

a) Oc is the 13C chemical shift in pop.mo relative to 

benzene 0 

b) qc is the carbon atoll net charge in electronsQ 

c) Filled-in p'oints represent 'I;wo or more carbon atoms 

with nearly identical qc and Oc values 0 

d) All ca.rbon atoms in the alkanes listed in Tables 1-VII 

and 1-IX are represented on the grapho 
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figure I-8: 

1.3 PLOT OF C NoMoRo CHEMICAL SHU'T AGAINST CARBON ATOM 

NE'l' CHARGE FOR SELECTED CARBON ATOMS IN ALK.ANE MOLECULES 

Notesg a) See notes aj) bj) and c for figure I-7o 

b) The carbon atoms represented are the saros as those in 

Fïgure I-7j) except that carbon atoms bonded to 

-C(R1) (R2)CH.3 groups (l-lhere the Rare a1ky1 groups 

or hydrogen atoms) have been e1iminatedo 

150. 
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If the 130 chemical shifts for the carbon atorus in specifie series 

of alkane molecules are plotted against the corresponding charge densities, 

other correlation lines can be established. For example, two straight line 

correlations are found in the methylated methanes series, (CH
3

)4-m CHm 

(Figure 1-9). Cul~e A represents the central carbon atorus in this series, 

while curve B represents the methyl group carbon atomso The slope of line A 

is almost identical to the correlation line slope of Figure 1-8, whereas the 

line B slope, 6000 popom. per electron, ls three times as large. 

The slopes of the correlation lines in Figures 1-8 and 1-9 are of 

the expected sign, and this agreement between the calculated and "experimental" 

trends upon allcyl substitution represents a limited experimental confirmation 

of the electron \d thdra",ing effect of substi tuting (llkyl groups for hydrogen 

atorus in the alkanes a The fact that the correlation line slopes in Figures 

1-8 and 1-9 are much greater than previous esttmates indiqates that the 

electronegativity equalization method probably underestimates the changes 

",hich occur in the ionic character of localized chemical bonds when the 

molecular environment is alteredo '!he spread of points encountered in the 

correlation of Figure 1-8 indicates 

i) that the electronegativity equalization method correctly predicts 

the overall trends in the variation of electron density betl.feen the 

different carbon atorus but fails to assess the finer details of the 

charge dansi ty variations correctly, and! or 

ii) that although the 130 chemical shifts in the alkanes are primariIy 

de·termined by the charge density varia·tions, small differences in the 

neighbour aniso·tropies and in the average electronic excitation energies 

for different carbon atome and for different alkanes do occurp and these 
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Fïgure 1-9: 

PLOT OF IJC NoMoRo CHEMICAL SH1FT AGA1NST CARBON ATOM 

NET CHARGE FOR THE SERIES (CHJ )4-m CHm 

Notes: a) See notes a and b for Fïgure 1-70 

b) Gurve A repres~nts the central carbon atoms D 

1520 

Curve B represents the carbon atams of the methyl groupa 
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changes do not parallel the variatiop.9 in electronic density. There is 

no apparent reason why the carbon shifts of the carbon atoms associated 

with ethyl groups should fail to correlate with the eleotron densities in 

the sarna manner as the other carbon atoms. Grant and Paul. (80,81) have 

also noted the peculiar trends in the chemical shifts for carbon atoms 

bonded to ethyl groups. 

Savitskyand Namikawa (8.2) have measured the 13C N.M.R. chemical 

shifts of the carbon atome in a series of simple alcohols (CH') )3 CH OHo 
.J -m m 

The central carbon atam chemical shifts (relative to benzene) decrease as 

8007, 7108, 6601, and 6l.03 p.pom.. for m ::: 3, .2" 1" and 0 respectivelyo The 

methyl group carbon atom chemical shifts in this series are subs"bantially 

higher, and decrease as 11109, 104.7, and 990.2 popomo for m ::: .2, l, and 0 

respectively. The calculated carbon atom charge densities for these alcohols, 

assuming te oxygen atom hybridization (Table I-XXV1), increase as m decreases 

for both the central carbon atoms and the methyl group carbon atoms, in 

contrast to the trends in the shielding constants. The trends in the carbon 

atam charge densities, calcula"ted for these alcohols in which the oxygen atom 

uses p bonding orbitals (Table 1-XXVI), agree with the t.rends in the chemical 

shift data. The correlation batween Oc and qc (with the oxygen atoms 

using p orbitals) is shown in Figure 1-100 1'\.,,0 correlation lines can be 

established, curve A, of slope 2400 pop.m. pel' electron for the central 

carbon atoms, and curve B" of slope 8300 pop'omo per electron, for the methyl. 

group carbon atoms. The existence of tHo separate linesj'l and thEI relative 

slopes of these lioes, are similar to the correlations for the (CH
3

)4 CH 
"-m m 

series (Figure 1-9).. A correlation bat\.Jsen Oc and qc for the 

chloromethane series CH C14 (m ::: 4, 3, 2, l, and 0) has been established m -m 
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Figure 1-10: 

13 PLOT OF C NoM"Re CHEMICAL SHIFT AGAINST CARBON ATOM 

NET CI-IARGE FOR THE ALCOHOLS (CH'))3 CH OH 
~ -ru ru 

Notes~ a) See notes a and b for Figure 1-7, and note b for 

Figure 1-9. 

b) The carbon atom charges are for the a1coho1s if p 

orbi ta1s are used by o:lCygen for bonding" 
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by Wnitehead, Baird, and Kaplansky (54) who calculated the charge distributlons 

in these mole cules by the B.E.E. methodo The chlorine atom bonding orbital 

hybridizations were established by the use of 3501 nuclear quadrupole 

resonance spectrao The peints corresponding to the carbon atams in ethyl 

chloride did not fell on the chloromethane oorrelation line, of slope 300 

p.p.m. pel' electron, \-,hen calcu1ated in the sarna manner (54). 

~ N.M.R. Chemical Shift Correlations 

The range of chemioa1 shifts for the proton is much sma11el' than for 

other nuclei, sinee the total eleetron density in the vicinity of the proton 

is very smal1, and because the local paramagnetic shielding term (5' LL is 
p 

far less important for ~ than for 13C~ 19F~ etco (73)0 The proton 

chemical shifts are, consequently, determined by the local diamagnetic terrn 

CS d 11, which is dependent upon el.ectron densi ty about the proton to the 

extent of about 20popom. pel' electronp and by the neighbour anisotropy con-

tribution to the shie1dingo The latter effect is expected to be very 

important for protons, since the electron density about this nucleus is 

re1atively smul.1, and the proton is quite exposed to currents f10wing on the 

other atoms in the mo1eculeo 

The proton chemical shifts in sorne series of mo1ecules have been 

corl'e1ated with the hydrogen stom charge densities either by a direct 

c orrespondence of the tHo parameters.9 or by me ans . of relative charge densi ty 

criteria such as the elactronegativity or the inductive affect parameters of 

the neighbouring atorns in the molecule (73)u 

Pople (83) has noted that the screening constants (5 of hydrogen 
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nuclei bonded to carbon atoIJJ..9 in the alkanes are in the order 

and has suggested that these differences are due to changes in the electron 

density around the protonso The range of experimental ~ chernical shifts)) 

and the range of electron density around the proton)) for the series of 

alkanes considered in the present study, are listed in Table I-XXV11I. The 

calculated hydrogen atom electron densi tiea in this series decrease as the 

number of hydrogen atoIJJ..9 bonded to the carbon atom decreases, in agreement 

wi th the shielding constant variation.s 0 There is very li ttle overlapping of 

either chernical shift or charge ranges between hydrogen atoDill of different 

types 0 Although the screening constant and charge density trends between 

carbon atoms of different types are in agreement, there is no general 

correlation of these t'fo quanti ties for different hydrogen l'ltOIJJ..9 "lithin 

each serieso 

The correlation between ~ chernical shift and hydrogen atom charge 

densi ty for the methylated methanes series, (CH)) 4-'m CI-Im, is illustrated in 

Figure 1-110 The slops of Line Ag the correlation line ~or the hydrogen 

at0I!L9 bonded to the central carbon at.omg is in the correct direction, but is 

about ten times as large as expected (190 p~pomo against 20 popomo expected)o 

The slope of correlation line Bg about )0 popomo per electrong is also in 

the éorrect directionj/ and is of the expected size 0 The variations in chernical 

shift in this series have been attributed by Moritz and ffileppard to variations 

in the neighbour anisotropy screenin.g contributions to the screening constant 

(84) 0 The neighbour anisot.l'oPY effect changes \fi th m should be much larger for 

protons bonded to the central atom than for the hydrogen atoms associated "Ji th 



TABLE I-XXVIII: 

Type of G-H 

Bond 

CHf~ 

-CH 
3 

'CH ./ 2 

~CH 

Note: 

~ NoM.Ro Chemical Shift and G-H Bond Polarity Ranges 

in the Alkanes 

Range of ~ , 
N oMoRo Chemical. 
Slifts (a) 

6095 

+ 6029 - OoOL~ 

+ 5092 - 0 .. 08 

+ 5.6 - 002 

Range of G-H 
Bond Ionie 
Characters(%) 

1048 

+ 10 90 .~ 0012 

+ 2015 - 0011 

+ 2034 - 0.07 

Range of H 
AtoID Charge 
Density (in 
Electrons) 

009852 

009810 ± 000012 

0.9785 ± 0.0011 

0.'9766 ± 0.0007 

a) See footnotes of Table I-VII for the sources of NoMoRo chemical 

shifts (given in popoIDo relu'cive to benzene) 0 

15'70 
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Notes~ 

Figure 1-11: 

PLOT OF lH NoMoRo CHEMIGAL SHIFT AGAINST 

o-H BOND POLARITY FOR THE SEIllES (GH
3

)4 CH -m m 

a) bH is the proton chemica1 shift in p.pomo relative 

to benzeneo 

b) i CH is the G-H bond ionic character in per cent~ in the 
b+ 

sense H 0 
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the methyl groups. The very large slope of co~relation line A may, then~ be 

due to a combination of par~llel variations in the contributions from the 
local diamagnetic and the neighbour anisotropy terms of the screening constant 
expressiono 

Fqrther Discussion 

Althot~h the ~ and 13 0 N.MoR. chemical shift correlations with 
the hydrogen and carbon atom charge densities in the alkanes are only approxi-
mate, both sets of correlations clearly support the basic conclusion drawn 
from the electronegativi ty equalizHtion calculations that alkyl groups are 
electron-t..rithdraHing agents relative to hydrogen in the alkaneso 

Schaefer and his co-t..rorkers (85) have shotm that there is an 
excellent linear correlation of the proton cheruical shifts tdth the BoEoEo 
method hydrogen atom charge densities for the chloroalkaneso In this correla-
tion, the proton chemical shifts determined by McOlellan and Nicksic (86) for 
both carbon tetrachloride and cyclœlexane solutions were separately plotted 
against the hydrogen charge densi ties calculated by ~1hi tehead~ Baird» and 
Kaplansky (54)0 In an additional plot, the "hydrogen-bonded shifts" of four 
allcyl chloride hydrogen atoms Here shotm to be linearly dependent upon the 
calculated hydrogen atom charge densitieso The slopes of the correlation 
lines for cyclooexane and carbon tetrachloride solutions of the chloroalkanes 
were both approximately 46 popomo per electron (85)0 

Sorne chemical shift data has been reported for the 14N nucleus 
in the sa'~urated amines discussed in the previous sec~ion of this studyo The 
14N chemical shift variations in such nitrogen compounds correlate with the 
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changes in the average electronic excitation term of the local paramagnetic 

screening contribution (87)0 There is no correlation between the 14N 

'che~cal shifts and the nitrogen atom charge densities calculated herein for 

either the amines or the protonated amines. 

The 35Cl N.M.R. chemical shifts in the chloromethanes have been 

recently reported by Saito (88). Kaplansky and \Vhitehead (70) have established 

a linear correlation between these 3501 chemical shifts and the corresponding 

chlorine atom net charges calculated by the electronegativity equalization 

method. 
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FURTHER DISCUSSION AND CONCLUSIONS 

In Part Io 2, the Principle of Electronegativity Equa1ization was 
analyzed using molecular orbital the ory and the 1inear combination of atamic 
orbitals approximation. Defining electronegativity as the first derivative of 
the energy (molecular or atomic) with respect to the electron density (atamic 
or orbital) provided a direct link between the LCAD-MO theory and the electro­
negativity equalization concepto The introduction of the 10ca1ized chemical 
bond concept (into this molecular orbital framework for electronegativity 
equulization), together with neglect of interatomic molecular energy terms~ 
led to ~le BoEoEo method for the calculation of molecular electron densitieso 

The BoEoEo method is also related to earlier electronegativit~ 
ionic charucter theories, auch as that of Pauling, since the idea of localizedv 
two-eleçtron bonds is retained.9 and each bond hus associated 'VIi th i t an ionic 
charucter determined by the electronegativity properties of its constituent 
atomso The BoEoEo method differs from eurlier electronegativity the ory in 
that the ionic character of a bond is ~~~ depandent on the polarities 
of the other bonds in the moleculeo 

The modificut.ion of eurlier electronegativity and ionie character 
formulae for a bond to reflect the polarities of other bonds in the molecule, 
has been proposed by several workers (21.966,89,90)0 In the method of Daudel 
and Daudel (21), for example.9 the dependence of the "Pauling" electronegativity 
of an l1tmn. on i ts net charge was eva1ua:ted using the dependence of electro­
negativity on effective nucleur chargeo A self-consistent field technique 
Has used to calculate atomic net charges by combining the electronegativity­
net charge functicn lvi th Pauling U s formula for the ionic character of a bond~ 
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equation 9 

are that 

(90) 0 The advantages of the BoEoEo method o'V'er this procedure 

i) the dependence of electronegativity on atomic charge is a direct one, 
since the electronegativity function is defined explicitly by atomic 
properties (ionization potential and electron affinity) whose dependence 
on charge can be directly evaluated, 

ii) the orbital nature of electronegativity is fully recognized in the 
electronegativity func'cion used in the BoE.Eo method, and 

iii) there is sorne theoretical justification for the electronegativity­
ionic character relationship used in the BoEoE. method, whereas Pauling B s 
ionic character equation is based on rul approximate, empirical correlation 
using dipole momentso 

The "bond electronegativity equalization method" is then oost 
regarded as a hybrid of molecular orbital theory lvith conventione.l electro­
negativity conceptso The molecular electronic distributions calculated by 
the BoEoEo method lvere shown (Part 10 J) to account semi-quanti tati vely for 
several lcnown aspects of electronic effects in saturated moleculess> such as 
the transmission of inductive effects through carbon-carbon bondsS' the 
stabilization of carbonium ions by alkyl groupsS' the, nature of the inductive 
effects produced by substitution of a heteroatom into an alkane moleculejl 
etc 0 The correlations of atoru charges calculated by the BoEGEo method lvi th 
NoMoRo chemical shifts are as good as, or ootter thanSl the correlations 
obtained l"hen the atom charges are estimated by standard LCAO-MO techniques 
such as the llictended Huckel Method (91) 0 

Some of the more surprising aspects of the inductive effects 
predicted ,by the BoEoEo method are difficult to test due to the lack of 
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relevant experimental evidenceo For example, very little information is 

available about the relative inductive effects of alkyl groups and hydrogen 

atoms in the alkaneso The NoMoRo chemical shift trends in these molecules do 

provide sorne support for the prediction that alkyl groups are electron-

withdrawing relative to hydrogen in such moleculeso In addition, some recent 

chemical evidence concerning the reactivity (92,93,94) and dipole moments (95) 

of alkanes has bean interpreted in terms compatible with the BoEoEo rnethod 

predictions 0 In these studies, it was concluded that the normal inductive 

effects of rnethyl groups and hydrogen atoms can be reversed l-lhen there are no 

highly electronegative atoms close to the carbon atom nt "lhich the substitu­

tion occurs (94,1) 95).. It will be interesting to see hm.J' close the BoEoE" 

rnethod results corne in predicting the point at lIhich t.he inductive effects 

of alkyl groups and hydrogen are reversedp ,."hen more chemical evidence con-

cerning this effect is availableo 

One of the interesting features of the BoEQEo rnethod calculations 

is the relatively wide range of values found for the electronegativity of a 

group in various chendcal environments 0 Since the "Mulliken" electronegati vi ty 

of a group of atorns is quite dependent on the group or atom to 'vhich it is 

bonded,l) it is impossible to construct a scale of relative group inductive 

effects ap?licable over a range of chamical environments from the B.EoEo 

calculations.. The variation of group electronegativity ,.,rith environment sholls 

that empirical estimates of group electronegativity, such as the Taft e> t 

parameters (72) s> are valid only for molecules in ,.,rhich the electronic 

environments of the groups are similaro 

The BoEo E. calculations shO\.J' that the Mulliken electronegati vi ty of 

an atom.i.c orbital of a polyvalent atolli in a molecule ls not necessarily close 
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to that for the orbital in the valence state of the isolated atom. For 

examplejP X(l) for a te orbital of an oxygen atom in a molecule ls usually 

lower than the isolated atom-value, since the bonds to oxygen are quite polar 

0-
in the sense ° 0 HencejP the ionic character of Ote -H bonds in alcohols 

is substantially lower than that predicted for an isolated 0te-H bondo 

Although the self-consistent field B.EoEo method ionic characters for a bond 

are generally quite different from the polarity of the sarns isolated bondjP 

the SoCoFo ionic characters of a given bond in similar molecules are usually 

quite similaro 

The greatest deficiency of the BoEDEo method lies in the difficulty 

of total molecular energy calculationso Since no interatomic energy terms 

are explicitly considered in the calculationsjP the extra ionic resonance 

energies calculated by this roethod (equation 83) 'Iàll be very small in 

comparison ,àth the experimental results 0 'llie inclusion of interatomic 

electrostatic and resonance energy terms into the bond electronegativity 

functionjP as suggested in Part 10 2jP would partially relieve this difficultyo 

Such changes would also increase the magnitude of the ionic characters of 

bonds~ and increase the chan~aa in these ionic characters when the molecular 

envirolll11.6nt is a.lteredo 'lhe ionic characters of thfJ halogen-alkali metal 

bonds would then be increased ta more chemically reasonable values~ and the 

rate of change of NoMoRo chemical shift with electronic density obtained from 

the correlations 'Ivould be more in line ",ith those expected from theoretical 

considerations 0 
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APPENDIX I: 

DESCRIPTION OF THE COMPUTER PROGRAMME USED FOR ELECTRONEGATIV1TY EQUALIZATION 

CALCULA TI ONS 

An iterative.ll self-consistent field procedure must he used to calculate 

molecular charge distributions for polyatomic mole cules by the bond electro­

negativityequalization (B.E.E.) method. A computer programme has been written 

in lEM Fortran IV language to autamatically carry out these calculations.ll once 

certain information concerning the mole cule has been supplied. This programme 

was used to calculate the charge densi ty and electronegati vi ty data required 

in Part l of the present studyo 

'l'he programme is di vided into tuo se ctions JI the "main" programme 

called BEEMJI and a "subroutine" termed PAl=t~J1To The symbols used in both these 

segments are identical.ll and are listed in Table I-XXIXo 

The input data required for each mole cule may he discussed by 

ref.'8rence to the "BEEM CALCULATION SHEET" given :Ln Figure 1-120 Such a sheet 

has been composed for aach molecule consideredo The sheet illustrated is 

that used for the methanol mole cule CHJOHo 

In a molecule~ each chemically inequivalent atom is assigned a 

number which is shown as a circled integero The atomic orbitaIs forming eaeh 

chenrLeally inequ.lvalent bond are also numbered sueh that the orbitals of the 

first bond are 1 and 2, those of the second bond are J and 4, etco If two or 

more bonds formed by the sarna atom are ehemically equivalentp then the sarne 

orbital number is assigned to each equivalent atomic orbital of the atomo For 

example.ll the three equivalent te hybrid orbitaIs of carbon uhich forro G-H 

bonds in mathanol are aIL numbered "50" 

... 
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TABLE I-XXIX 

Defini tion of the Symbols Used in the "BEEM" and "PARAMT" Fortran IV Computer 
Programm.es 

III 

NCASE 

NATOT 

ID 

IC 

NMAX 

NZ(I) 

Nl(I) 

N2(I) 

N3(I) 

N4(I) 

Ml. 

142· 

M3 

M4 

Ll,L2,L3,14 

'l(I) 

QA(I) 

NO(r) 

DEFINITION 

Determines type of valence state to he used for N, 0, S. 

Code number for molecule (Integer between land 299). 

Total number of chemically inequivalent stoms in the molecule. 
Total number of inequivalent bonding orbitals in the molecule. 

" Il " Il 

" " " 
Maximum number of iterations al101.;ed for one moleculeo 

Atornic number of atom Io 

Il 

Code numbers of the four valence-shell orbitals of atom Io 

Initial, integral charge densities of the four valence-shell 
orbitals (Nl(I), N2(I), N3(I), N4(I) ) of atom Io 

Same as Nl(I), N2(I), N3(I), N4(r) respectivelyo 

Charge density of orbital l for current iterationo 

" " " Il "" previous i terationo 
Oode number of atom to which orbital l belongs 0 
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TABLE I-XXIX continued 

SIMBOL 

Dl(I) 

D2(I) 

D3 (1) 

FJ.(I) 

F2(I) 

F3 (I) 

B(I) 

C(I) 

XX(I) 

NIT 

Il 

Jl 

14 

J4 

NTI, NTJ 

PTI, PTJ 

AFI, AFJ 

Y 

DEFINITION 

Value of electronegativity parameter a for orbitals of atom 1. 

" " " " p " " " " 
" " " " y " " " " 
" " " " b " " " " 
" " " " € " " " " 
" " il " f " " " " 
" " " " b for orbital 10 

" " " " c " " " 
Value of the elec·cronegati vi ty X " " " 
Iteration numbero 

Code numbers of the four valence-shell orbitals of the same 

atoru as orbital 1, Jo 

Sum of the charge densities Q of all the valence-shell 

orbitals except l (or J) on same atom as orbital l (or J)o 

Ionization potential of orbital l (or J)o 

Electron affinity " " " " " 
Total charge density of orbitals of an atomo 

" 
" 
" 
" 
" 



( 

Notes: 

Figure 1-12: 

"BEEH" CALCULA TI ON SHEET FOR 

THE METHANOL MOLECULE 

a) ----- represents a bonding orbital 

- - ~ - represents an "imaginary" orbital or a 

"lone-pair" orbital Il 

b) NZ is the atomic number~ NI to N4 are atomic orbital 

numbersp Ml to M4 are initial orbital charge 

densitieso 

17.30 



B. E. E.M. CALCULATION SHEET 
\""----.-----. 

CASE NO.' 51 
{ MOLECULE. 

CH3 0H ' 

MOLECULAR NUMBERING SYSTEM 

... S@ .... , 
-~-He ® 
~~.- ~ 

H 1 ~ C 4 l, 

H/ 

cv CD 1.;' 
,;..-

3 0 4-L 1-1:: -
a' \ 8 ...... ........ 

"/ " , , 

CONTROL CARO 

1°51 ,°041°06 [009 1 

DATA CARDS 

NZ NI N2 N3 N4 MI M2 M3 M4 
._-

1 1 7 7 7 1 0 0 0 

8 2 3 8 8 1 1 0 0 

6 4l 'S 5 5 1 1 1 1 

1 6 9 9 9 L 0 0 0 
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The firet set of data supplied to the computer for a mole cule is 

lis"Ged under the "control" card heading in the calculation sheet.. The integer 
in the first block is the "case munber" assigned to the mole cule , and is 

entered into the computer as the variable NCASEo The integer in the second 

block represents NATOT, the total number of chemically inequivalent ~ in 

the moleculeo The third block is used for lB, the total number of non­

equivalent bOuQing atamic orbitals, and the fourth block represents le, the 

total numoor of inequi valent atomic orbi tals of all types .. 

In addition to the information punched on the "control" card» a 

"data" card must be punched for each inequivalent atamo The information on 

these data cards is given in each row which is divided into nine sections on 
the calculation sheet" The data for the i th atom is listed in the i th l'Plv 

in this matrixo The first variable of each row is NZ» ~o[hich represents the 

"atomic number" of the atomo These "atomic numbers" correspond to the real 

atomic numbers of the atoms concerned with the follm.Jing exceptions: 

NZ = 66 for the (trtrtrrrL) valence state of carbon 

NZ = 67 for the ( trtrtrrrO) valence state of carbon 

NZ = 68 for the (didi711;l) 'valence state of carbon 

NZ = 77 for the (tetetete) valence state of nitrogen 
-The entries NI)) N2, N3J) N4 correspond to the orbital numbors for the atOlJl 

concernedo If ttvo or mors orbi taIs are equi valent, their numbers will be 

identicalo Lone-pair, vacant and singly-occupied non-bonding orbitaIs are 

numbered from (lB + 1) upt"ards~ and are listed l.mder the NI to N4 headings 0 

The programme ~o[as devised for atoll1'3 ~o[hich have four valence=shell orbitaIs" 

and therefore four orbital numbers Nl)) N2,9 N3 and N4 must be listedo In the 
case of the hydrogen atom which has only one valence-shell atomic orbital, 
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an e,rbitrary integer between (lB + 1) and le is llsted in t.he columns N2.9 N3, 

and N4 for each hydrogen atome 

lbe entries Ml, M2, M3, and M4 for each atom correspond to the 
initial,integral values ~~ed by the programme for the charge densities of the 
orbitals Nl, N2, N3 and N4 respectively. Values of zero are listed for M2, Ml 
and M4 if the atom concerned is hydrogenQ Initial charge densities of bon~ 
orbitals can he listed as 0, 1 or 2 although it is usually more efficient to 
list then all as 10 

Some caution must be exercised in the assignment of Ml to M4 values 
to non-bonding orbitalso If the charge density of the orbital concerned is 
included in the sum T for the a"tom (see Part Io 30 A), its actual, integral 
charge density must be listedo If the charge density of the non-bonding 
orbital is not included in T, its initial charge density must be listed as 
zero .. 

", A "data card" for each atom, and a "control card" fbr the molecule, 
are required for each IDoleculeo 

The manipulations executed by each part of the "BEEM" and "PARAMT" 
programmes are described in Table I-X,1JC by reference ta the "INTERNAL 
STATEMENT NUMBERS" (ISN) concernedo "Source" listings of 'the BEEM and PARAMT 
sections of the programme are illustrated in Figures I-13 and 1-14 respectivelyo 

The input data ",mch is transferred frOID the main programme to the 
P~1T subroutine consists of the numerical values of the variables NZ(I), I.9 
and III for the atom la The function of the subroutine is to assign the values 
of Dl(I), D2(I), D3(I), Fl(I), F2(I)JI and ,F3(I) for atom l based upon 

i) its atomic number NZ(I), and 

ii) the type of valence state to be considered, as gi ven by III 0 
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TABLE 1-XXX: Description of the "BEEM" Computer Programme 

ISN (see Figure 

1-13) 

Description 

0--1 

1 

2 

6, 13 

14 

17 

201l 21 

22 

"Commentl' statements. These are not operations but are simply 

comments listed to aid the user of the programme. 

DIMENSION statement. This statement defines the maximum size 

of the one-dimensional matrices NZ... XX used in the 

programme 0 

REAL statement--converts the variables NTI lI NT.J from integers to 

"floating point" variables 0 

Before a set ofmolecules is considered, a parameter III is 

reado If III is equal to III (sppp) valence states are used 

for NlI 0, and S atoms. If III is 211 (tetetete) valence states 

are used for these atoms. 

Reading of the "control card" for each moleculeo 

The value of NCASE is automatically increased by 300 (from the 

value read in) for (tetetete) valence states of NlI 0, and So 

NMAX defines the maximum number of iterations to be used for 

any one moleculeo 

The data read in at 6, 13 is printed out. 

The liDO 40" loop is definedo Each operation from ISN 23 to 

ISN 50 is then repeated for each atom from 1 to NATOT. 

The "data card" for atom l is reado 

Ihe àata read in above ls printed outo 
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TABLE I-XXX continued 

ISN (see Figure 

1-13) 

33--36 

37--42 

43--46 

47 

50 

52~ 53 

57~ 60 

63 

64 

Description 

Variables Ll, L2, L3, and 14 are defined as the orbital 

numbers Nl(I), N2(I), N3(I), and N4(I)o 

The initial charge densities Ml to M4 of orbitals L1 to 

14 are entered into the QA matrixo 

The NC matrix is definedo NC(J) represents the number of 

the atom associated i"i th orbital Jo 

The subroutine PARAMT is ca11edo This subroutine assigns 

the ionization potential and electron affini ty parameters 

a~ ~~ y~ op E , and f to each atom 1.. In the 

programme, these parameters are called Dl(I), D2(I), D3(I)9 

F1(I), F2(I), and F3(I) respectivelyo 

liDO 40" loop endedo 

Ini tial values of the matriJc Q are defined as the corres-

ponding values in the QA matrix. 

Soma as ISN 52, 53 for iterations other than the firsto 

Th.e liDO 10" loop is 's-"tarted; this loop ends at ISN 1230 

Since IZ has been defined as (IC - 1), this loop trents every 

hgnd in the moleculeo 

Assigns a value to J~ the second orbital in the bond formed 

by orbitals 1 and Jo 
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TABLE I-XXX continued 

ISN (see Figure Description 

1-1.3) 

65~ 66 lA and JA defined as the atom numbers to which orbita1s 

l and J be10ng • 

67--76 Il to Ii~, and J1 to J4 defined as the orbital nurubers 

aEsociated with atoms rA and JA respective1yo 

77, 100 

101---110 

111 

114, 115 

116, 117 

120 

NT.I, NTJ calculated for orbitals l, J from the charge density 

Cl matrixo NT.I and NTJ represent the sums of the charge 

densities of the valence-shell orbitals of atoms lA and JA 

respectively~ NTI and NTJ do nnt include the charge densities 

of orbitals 1 and J respectivelyo 

llie operations in these statements define PT.I" PTJ, AFI, AFJ, 

B(I), B(J), C(I), and C(J) which correspond to the electro­

negativity equation parameters II' IJ' AI' AJ' bI , bJ, 

CI and cJ respectivelyo 

Transfers control of program to ISN 121 if I~ J are non-bonding 

orbitalso 

Define ~(I) and XX(J) corresponding to the electronegativities 

XI(l), and XJ(l)o 

Ne'tol charge densities Q(I) and Q(J) defined by the ionic 

character equationo 

Programme control transferred to ISN 12.30 
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TABLE I-m continued 

ISN (see Figure 

1-13) 

121, 122 

123 

125--133 

134--135 

140--152 

Description 

Calculates bond electronegativities XI and XJ (for the charge 

densities Q(I) and Q(J) for non-bonding orbita1s l, Jo 

Defines end of "DO 10" loop. 

The charge densities "Q(I) are compared to those of the 

previous i teraJljion, QA(I), for each l to estab1ish \..rhether 

a self-consistent charge density distribution has been foundo 

The criterion for ~elf-consistenoy is that ail the terms 

/Q(I) - QA(I) 1 are 1ess than 00000002 e1ectronso If self­

consistency has been established, control of the programme 

is transferred to ISN 1530 If not, the programme is trans-

ferred to ISN 1340 

Calculates the iteration number and tests to see if the 

maximum number of iterations has been reaohed, sinoe the 

charge densities do not yet forro a self-consistent fieldo 

If the maximum numbar has been reached, control is transferred 

to ISN 1400 If not, control is transferred back to ISN 57, 

and al1 the operations bet\oJeen ISN 57 and ISN 1.34 are repeated 

in a ne\oJ iterationo 

Since the maximum number of i terations has baen reached 

without self-consistency if the control is transferred to 

this point, a message "NO GONV" is printedo The next mo1ecule 
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TABLE I-XXX continued 

IBN (see Figure 

I-13) 

153--154 

155---170 

172-177 

20cr--20J. 

202--211 

213 

214 

Description 

is then considered by transferring the control back to ISN 6. 

Since an SOF set of orbital charge densities has been calculated 

if control is transferred to this point, the resu1ts must be 

printed auto fuese tHo statements, 153 and 154, print a 

heading concerning the total charge densi"GY of each atomo 

The t.otal charge densi ty in the orbi tals Nl (I), N2 (1), N3 (I) )) 

and N4(I) of each atom l is defined as Y, and this density 

is printed out.o 

The first line on the second page of results is printed outo 

This line gives the case number, (NOASE), number of iterations 

required to achieve self-consistency (NIT), and the atomic 

numbers of each ntom from 1 to NATOTu 

Second line on second page of results printedo This line 

contains the headings for the successive lines to be printedo 

The orbital number, number of the atom, atomic number of the 

atom, BOF charge densi ty, and electronegati vi ty XX of each 

orbi tal (except the "imaginary" hydrogen orbi tals) are printed 

auto The manipulations for the molecu1e are nOH completeo 

Transfers control back ta ISN 6 sa that a nel...r molecule may be 

consideredo 

Required "END" statement for the BEEM programme 0 
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Figure l - J.3 ~ 

FORTRAN IV SOURCE LI STING FOR THE 

Il BEEM" MAIN COMPUTER PROGRAMME 

1.810 



bAIRD 8EU'i THESIS r!{D;~o FORTRAN SOURCE LIST I51\ SOURCE STATE;-;Ei"T 

o S,J B F T C [·L'; Ii~ 

1 ... 

C BAI~D GENERALIlEO BO~D fLECTRO~EGhTIVITY EQUALIZATION METHOD C BEEM PROGkA~sBY N.C.GAlkD APRIL 1966 
C-
C 

C 
C 
C 
C 
C 
C 
C 
C 
C 
C 
C 
C 

ATCJj·iIC IW;:,ôEi<'S rn I\RE 1 FUR 1--1(5)16 FOR C{TE TE TE TE), 
66 FUR C(TR. TR Ti,;. PI{I)),67 FOr~ ([Tf-<- TR TR PICO»), 
14 FOR SIITE TF TE TE) 
6 e FOR C ( IJ l 0 l P 1 ( 1 ) PIf 1 ) ) ~ 7 F Cl R. Î'; ~ 8 FOR 0 
N Cil_;~ Bl (5(Z)P P Pl OR fTE TE: TE Tf{Zl) o CAN dE (S(2)P(2l P Pl Ok (TE TE TE(ZlTE{Z)} 
SCAN Rl ({2lP{21 P PI UR (TE TE TE(Z}TE(2») 
l FI! Ils 1 s S j) P PST l, TES LI S E f) FOR jJ, CJ 1 S 
1 FIL Ils 2 f TET f: TET EST il TES USE f) FUR f\) 1 0 7 S 
F lm l'~ dj f STE ST J\ TES d\: (.lI SEI S AU T 0 ;< ù TIC fil L Y Hl CR Et\ SEO B Y 300 l~uTf TI-!/'.T !\{\!Y Of:BiTf\LS \-:f-!CSE CH!\!ZGE nENSITlf:S f-\RE ~JCT Ii'!CLlJDED Hi l'Hl:: su:·; :'iUST lH:- LISTLû Ii<ITJ:,LLY \<ITH ZEf.~O CHAF;GE DEf .. 1SIïY .. S li~CE THE: PJ.~LJGGi\,;!j JISSU;',ES Ei\CH AHH H/\S FOUR Vf~LH-!CE SHELL 
lJfi,[~l T/\LSTTh~~E-t Ij',f\Glf'UYY r:Ci'.!-['.OiWlt,!S [h~!3rTALS \-:ITH ZfRO CH/\RGE OEiJSITY i':UST [~E: L1STEfJ FUR U\CH HYDD,CGEN ATU~'Îc 
D l J'; u~ S l [j ;'J rû ( 1(.0) T hl ( lOG) 1 i\2 ( l O:J ) i i'! 3 { 10 (] ) ? N 4 ( l 00 ) v Ne ( ] 00 ) , l D l ( l 00 ) , 02 ( l U C) ~ [) 3 ( l CJ 0) r f-} ( l 00 ) 1 F Z { 100) , F 3 ( l 00 } , Q { 100) ? Q;U lOO} ? 2 E,(IOO) :C\lOO) rXXDOO) 

Z kl~AL rH l d'il' J 
C U;~T.i\ Fc/:"[)Ii,:G SCCTIGf; 

3 Rtf"U(5?c)Ci}ITI 
5 9 0 F Ci;': ;:, fI ï { l l} 
6 l 6 lU iù) ( 5 ~ l ) ; (u ... S E r r,~ i\ T (J Til h 1 i C 

13 l FORMAT(4131 

07/23/6-



lit 
17 
20 
21 
22 
23 
30 
31 
32 
33 
34· 
35 
36 
37 
40 
[,.1 
1;·2 

43 
4 L, 

45 
46 

C 
1;.·7 
~O 

52 
53 
55 
56 

IF(IIIaL002)NCAS~=NCASE~3üO 
W:,j\ X = LOC 
~'i f< 1 T E ( 6 f 8 } f\ C fI S !: 

8 f U id: AT ( 1 Hl 9 II He AS F j\; U j·î f3 E rz 1 l 8 , 3X 7 6 H~~ E G Hl S ) 
OC 40 I=ld\/l.TOT 
R [!d) ( :J f 3 ) :\) Z ( l ) dH { III Î\;2 ( l ) , i'3 ( l ) 1 ~L; { l } 1 f'll d·' 2, I·i 3, Wc 3 f- [1:<:, ;.; fl. ï ( S 12 ) 
\·1 RIT E { Ô r 5 0 ; i a { l ) , fH [ l } ,N 2 fI) ~ 1\]3 ( [ ) f Wd 1 } , rH 1 ;\12 7 ln , Wt 5 0 F li K. ;:, A 1 ( l ri'J 1 9 l 5 ) 
ll=td ( l ) 
l2=~;2{1) 

L3=N3(Ii 
L 4=j'!&, [ l l 
l~;,{(Ll)=rH 

f) f·l,{ L 2 ) =:.: 2 
QA (L 3 )=j.!3 
Q!-\ ( L li ) = :.; 4 
NC(Lli=l 
l'liC ( L 2 1=1 
I\:C(L3)=I 
Ne {Ut J = l 
Pi\?,td',ETEH ASSICf\;r·iti'H SfCTlDi'l 
CAlL P~RAMT(NLrIr!II,Dl,D2,D3,FltF2,F3) 

40 CCi':T1 NUE 
DU 7 l=ldC 

7 Q(I;=Q:\!!J 
j'.J}T=O 

GUTD9 

~ 

l\fc( 



r-

I 

(1 

B!\lRO 8EE!'; THtS i.S PRGi'~. fORTRAN SOURCE LIST MAIN ISÎ'J SUU'<.C[ STf\TEi-iEi'!ï 

57 
60 
62 

63 
64 
65 
66 
67 
70 
71 
72 
73 
7 f t 

75 
76 
77 

100 
101 
102 
103 
10 t {-

105 
106 
107 
llO 

C 

1:. DO 22 1=1,I8 
22 QldI)=Q{I) 

9 IZ=IC-l 
lOi nec H Î\ PJ~ eTE rz Ah D 0 fHi Il AL CHA R G EDE N S IT y c.l\ Leu LAT ION SEC TIC N DO 10 r=1,IZ~2 
J = l-i-l 
1 A =Î\; C { l i 
J/\=I'K (J) 
I1==NUIA} 
1 2==j\; 2 ~ I1d 
13 =Î"3 ( III) 
l 'i =;Ij "1 ( 1 A ) 
J 1 = lH ( J j~'. ) 

J 2 = f'! 2 { J f\ } 
J3=.:1!3 (JI\ 1 
JL,-=f\4 (JA) 
I~ T 1 = 0 ( l l ) -:- Q ( l 2 ) ~- Ci ( 13 ) -:- () ( l '+ ) - Q { l ) 
NTJ=~(Jl)+W(J2)+Q[J31+Q(J4}-Q(J) 
PTI=Dl(IA)~D211A}*~TI+D3{IA)*(NTI**2' 
P1J=Dl(JA)+02(JAJ*NTJ+D3(JAJ*(NTJ**2) 
A F l = F l ( l 1\ } -}- F 2 { l b.) ':~ j'~ T r + r 3 ( l 4. ) ':: ( f\J TI>!' ;" 2 ) 
AFJ=Fl{JA)+F2(JA)*NTJ+~3(JA)*(NTJ**2) 
B(I)=1.~*PTI-Oa5*AFI 
B(JJ=1.5*PTJ-0.5*AFJ 
C(I)=OaS*IAFI-PTIl 
CIJJ=O.S*(AFJ-PTJ) 



Ill. 
114 
ll5 
116 
117 
120 

C 
121 
122 
123 

C 
125 
12 () 
131 
133 
134-
135 
140 
151 
152 

C 
153 
15 L, 

155 
156 
161 
162 
163 
161;· 

IF(IDGToIB1GOTC43 
XX(I)=311}+2.*C{I) 
XX[JI=G(J)+2.*C(Jl 
Q(I)=1.U+((XX[J)-XX(I»)/(2.*{C(I)+C(J}») 
Q(J)=2.0-Q(I} 
GOTOIO 
NUTe-iF IC l 5 EVf:.N~ Ils BOND X 15 NDT CALCULATED 

4 3 X X { l ) = G { l ) ~- 2 ~ :;, C ( l ) :;, Cl ( l ) 
XX(J)=BIJ}+2.*CIJ1*OfJ) 

10 CO,HIi'WE 
TEST FOt<. SELF-CC;\:SISTELT FIELD 
UCl 11 I=ldH 
IF(AbS:Q(I)-QA{I)).GTeO~000002)GOT012 

11 C (j in l j'W [ 
GlJTCl13 

12 j'~ l T= \; l T -1- 1 
l F { Î'll TeL E • rF; i~;( ) GO T 0 H 
,.; ~~ l TE ( 6 ! 1 5 ) i~ CAS ~ 1 NIT f ( (2 t 1 ) • 1 = l , l 3 ) t ! Q ,fJ, ( l ) f 1 = 1 1 TB} 

1 5 Fui Z ; H, T ! 1 HO 1 7 H r-.: C C (J r\; v :. 2 l 5 9 2 0 ;- 5 0 3 / 1 HO 9 2 0 F 5 • 3 Il HO? 2 0 F 5 0 3 ) 
GUTû16 
C4LCUl!\TIOi,: OF I\TOj·l, CH!d-:GE DENSITIFS(f)ONDING ORBITALS ONLY) 

1 3 l'i RIT E ( 6 j 7 0 ) 
70 FClRi:il\TllHO~L;-6H1T!TI\L CH~\RGE DENSliY If'~ ATO:;~S BONi)ING ORP',jTIILSJ 

D 0 7 l l = l 1 j'\i\ TeT 
l F ( ~J Z ( I ) 0 E C. l } G U T 0 7 1 
L 1 = id ( l ) 
L 2 =;'.j 2 ( l ) 
L 3=rn ( l ) 
LLr=i'-~f; ( l ) 



1 l)cEM THESIS PRONe FORTRAN SOURCE LIST MAIN 
ISN SOURCE STATEME~T 

165 
C 

166 
167 
170 

C 
172 
1 TI 
200 
201 

202 
203 
2 o lI-
207 
210 
211 
213 
214 

Y=Q(Ll)+Q(L2)+Q(L3)+Q(l4) 
PKINTING UF RESULTS(FIRST PAGEl 
WRlTE(6,72) l,Y 

72 FURMAT(1HO,18,fI7.5) 
71 CONTlNU!:: 

PRINTING OF RESULTS{SECOND PAGE) 
l·J RIT E ( 6, 17) NC AS E , NIT 1 ( NZ ( 1 ) , 1 = 1 , N AT DT ) 

17 FURMAT(lHl,2514) 
tJRITE(ô,311 

31 FORMAT(1HO,7HORBITAL,2X,8HATOM NO.,2X,10HATOMIC NO.,5X, 
1 6HCHARGE,12X,13HBONDCO,l,2) Xl 

DO 19 1 = l,I C 
J=NC ( r ) 
IF(Q(I).EQ.O.0.AND.NZ{J).EQ.l)GOTOI9 ... 
l'J R rTE ( 6 , 30) l , J , N Z ( J ) , Q ( 1 ) ,X X ( 1 ) 

30 FORMATC1HO,317,4X,F16.5,3X,F16.5) 
19 CONTINUE 

GOT016 
END 

NO MESSAGES FOR ABOVE ASSEMBLY 
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Figure 1-14= 

FORTRAN IV SOURCE !JSTING FOR 

THE "PARAMT" SUBROUTINE 



BAIRD BElM TH~SIS PRONe FORTRAN SOURCE LIST ISN SOURCE STAT[ME~T 

o $ l B F Tep M\. A ;-î T 
1 SUBkOUTINE PARAMT(Nl,I,III,Dl f 029D3 1 Fl?F2 1 F3J 2 D 1 ï·j f N S rem ra ( 1 CO) ? D 1 ( 1 0 0 1 J [) 2 ( 10 O} 1 03 { 100) ,F l { 1 00 ) 7 F 2 ( 10 0) ,F 3 ( l 00 ) C 
3 
6 
7 

10 
Il 
12 
13 
14 
15 
20 
21 
22 
23 
2 /t-

25 
26 
27 
32 
33 
34-
3:; 
36 
37 
40 

THIS SUBROUTIN~ ASSIGNS 01 TD F3 FOR ATOM 1 
IF(NZ(I).NE.771GOT012 
OU 1) =100,,057 
D2(I)=-28.1695 
D3([)=1.9715 
FUl}:::70c500 
F 2 (1 ) =--25.395 
F3{I)=2.202 
RETUfU~ 

12 IF(NZ(I}.NE.I1GDTOl 
Dl( l }=13,,60 
D2iI}=O.,0 
D3( l J=O.O 
Fl(1)=O .. TS 
F2iIJ=OQO 
F3(I)=O.O 
RETURf\; 

lIF{NZ{l}.NE.6}GOTD2 
D1(I )=570067 
D 2 ( l } =-1 7 ~ 240 
D3(I)=l..,029 
FI ( r ) =L;-4. 465 
F 2 ( l ) =- 2 o. 87 S 5 
F3(I l=2.16h5 
kETUJ{j\! 

:'-----

07/23/66 



41 2 IFINZ[IJ.NE.66)GOT03 
4.t. . • r Dl ([ }=Ltu,,853 
45 02(I)=-14 .. 3865 
46 03(1)=0,,8855 
Lé 7 Fl(I)=26,,049 
50 F2{lJ=-16.226 
51 F3{l)=2 .. 089 
52 RET Ui·~ ~.; 
53 3 IF(NZ{I).NE.67IGOT04 
56 01(1)=60,,373 
57 o 2 { l i =- l Cf c C 8 l 
60 03(I)=L482 
61 FU 1 )=37o Lr78 
62 F 2 ( l ) =- 1 5 .. l 2 5 5 
63 F3{I )=1.1515 
6 6, RETUi-<.i\! 
65 4 IF(Nl{Il.NE.68lGOT05 
70 Dl( 1)=28 .. 153 
71 02 ( 1 ) =-1 10 2 82 
72 03{I)=0.554 
73 FUl )=12 .. 965 
74 F 2 ( l ) =- l 1 "Li 5 5 :, 
75 F 3 ( l ) = 10 B35 5 
76 RETURf'l 
77 5 IF{NZ(I).NE.14)GOT06 

102 DU l )=32"ü22 
103 02{I)=-o.,7785 
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104 03'1)=-0.0745 
105 FU Il=26.'566 
106 F21I)=-B.8725 
107 F3(!)=0.3145 
110 RETURN 
111 6 IflIII.EO .. 2)GOT09 
114 IFCNZ(!).NE.7)GOT07 
Il 7 Û 1 ( 1 ) =/t 8 .. 229 
120 02( 1 )=-21 .. 101 
121 D3{I)=1.977 
122 Fl{I)=29.017 
123 F2!I)=-19.921 
124 F3(1)=2.902 
125 RETURN 
126 7 IF(NZ(·I}.NE.8)GUT08 
131 01(1)=34.284 
132 02(1)=-18.9065 
133 03Cl)=lo9005 
134 F1(I)=15.207 
135 F21I)=-14.8685 
136 F3(I)=1.6635 
137 RETURN 
140 8 IF1NZ{I).N~.16)GOTOIOO 
143 01(1)=23.052 
1L,4 02C 1 )=-11Q6615 
145 03(1)=1.0025 
146 F li l l = il .. 033 
1/;- 7 F 2 ( 1 ) =- 8 Q :> U 1 5 
150 F3(I)=-0.0725 
151 RETUj{N 
152 9 IF(NZ(rl.NE;7lGOT010 
155 Dl(I}=53.752 
156 02(1)=-22.0735 
157 03(1)=2.3295 
160 Fl(I)=2lJ.H53 
1 b 1 F 2 ( 1 1 =-1 7.6995 
162 F3CII=2.4245 
163 RETURi\J 
164 10IF(NZ(I).NE.8lGOr011 
107 DU r) =1,"0. 7()8 
170 02(1)=-17.4515 
171 DJ!II=1.0445 
172 Fl{I )=20.427 
173 F2(11=-16~3625 
174 F3(I)=2.044~ 
1 7 5 t{ ET U /{ j\j 
176 Il IF(NZ(I).NEo16lCOT0100 
2 0 1 0 1 ( l ) == 2 9 .. 2 fT H 
202 02(1)=-16.154 
203 D3(1)=2.403 
204 f1(1)==13,71.5 
205 F 2 { l ) =- ü " L:2 6 
206 F 3 { l ) =- 0 • Il 9 
207 100 RE:TUf-\N 
210 END 

~ ________ N_IL_'_~_IE_-S_S_-J_~G_'E_-S __ r_C_)i_{_)_~b_'U_V_C_-_A_~_-S_E_-~_iG_'L_Y ___________________________________ __ 



( 

\ 

If III is 2, the (tetetete) valence state paramsters are assigned to atom l, 

if l is a nitrogen, oxygen or sulphur atom; if III is l, the (sppp) valence 

state paramete*s are assigned to these atoms. 

The subroutine PARAMT is capable of assigning the parameters Dl(I) through 

F3(I) for the following atoms and valence states: H(s), 

C(trtrtrJ.), C(trtrtI'1T°), C(didirrl7Tl ), Si (tetetete), 

S(SZp2pp), N(tetetete2), N(tetetete), o (tetete2te2) 

C(tetetete), 

N(S2ppp), o (s2p2pp), 

and S(tetete2te2)0 

After assigning the parameters to a given atom, control is returned to the 

main programme by the "RETURN" statements 0 

The print-out from the BEEM PROCJUU1 for a typical molecule is illustrated 

in Figure I-15.for the methanol moleculeo On each page of results, the value 

of the parameter NCASE is. the first number to be printedo The input data used 

for the molecule is. printed out under NCASE on the first pageo The atomnumber 

and total bonding orbital charge density of each atom (other than hydrogen 

atems) are listed below the input data on the first page of results for a 

molecule .. 

The first, untitled, row of figures on the second page of print-out for 

the mole cule represent the numerical values of NCASE, NIT (the number of 

iterations used to achie~e a self-consistent field), and the atomic numbers 

NZ(I) of all the atoms from l to NATOTo The remaining data on the second page 

consists of the orbital number, the atom number of the atom associ~ted with 

the orbital, the atomic number of this atom, the self-consistent field charge 

density, and the electronegativity, XX(I), for the orbitaL Each orbital 

except the "imaginary" orbitals of hydrogen are listed in order.. Note that 

the programme does not calculate the electronegativities of non'-bonded 

orbitals which are not included in the charge density sum T of eaeh atom, 



( 

FiglU'e 1--15: 

COMPU1'ER PRINT-OUT FR014 l'HE "BEEM" PROGRANME 

FOR THE METHANOL MOLECULE 

Note: p boncling orbitals used for oxygene 



CASE NUI'-1BER 51 i3EGINS 

( 
l l 7 7 7 l 0 0 0 

8 2 3 (3 8 l l 0 0 

6 4 S ::> 5 1 l 1 l 

l 6 9 9 9 l 0 0 0 

TOTAL CHARGE OENS1TY lN ATUMS BONOING ORBITAlS 

2 2.12125 

3 4.03020 



l 
! 1 

.::.il 14 1 8 '6 1 
(-

,- Uk8llAL ATUI"1 NU. ATOMIC NU. CHAhoGE BùNOW,l,2l X 

l l l 0.94126 7 .. 17::>00 

2- 2 8 1.0S874 8.81403 

..) 2 8 1.06252 8.86350 

4 :3 6 0 .. 93748 7.U.141:) 

5 3 6 1.03091 7.98218 

6 4 1 0.96<:J09 7.17;)00 

8 2 i3 0.00000 8.51914 

END-OF-DAI A t:NCOUNTEf~t:Ù ON SYSTEM INPUT FIL!:. 
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so that the listing under "BOND (0, l, 2) XII for such orbitals has no meaningo 

Sinee the programme treats -all the atomc oÏ'bltals in pairs, the electro­

negativity of the last non-bonding orbital le is not celculated if IC is eveno 

The electronegativi ty listing for such an orbit.al has no significance 0 

By use of the programme BEEM, wi th the sUbroutine'.1 PARAMT, discussed 
• 

above, the self-consistent field electronegativity equalization charge densities 

of more than one hundred molecular species have been calculatedo 'lhe entire 

set of "BEEM GALCULATION SHEETS" and results printed out by the computer for 

these systems is available, along ,·Ti th IIS0URCE" and 1I0BJECT" card declcs of the 

two programmes (96) 0 About fi ve to fifteen i te rati ons Here generally sufficient 

to achieve self-consistent charge densitieso The average calculation time 

required for a molecule on the IBM 7044 computer was 105 secondso No cases vIere 

encountered where self-consistency was not obtained Hi tW.n the limi t of one 

hundred iterationso 
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PART II 

APPLICATIONS OF BOND ELECTRONEGATIVITY IN lliE 

CALCULA'l'ION OF MOLECULAR O}i;BITALS FOR 

PI ELECTRON NETHORKS 
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PREFACE TO PART II 

The the ory and calculations in Part l illustrate the technique by 

which the bond electronegativity function for atomic orbitals can he combined 

with the electronegativity equalization principle to calculate molecular charge 

density distributions in saturated ~leculeso The bond electronegativity 

function can also he applied in other moleoular orbital methodso In Part II 

of this thes1s, the use of this function to evaluate "Coulomb" integrals for 

MO techniques which deal wi th the "pi Il eleotrons of conjugated mole cules 1s 

developed, and these Coulomb integrals are used to study some pi-bonded 

mole oules lo/hich contain boron atoms 0 
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IIo 1 l NTRODUOTI ON: MOLEOULAR ORBITAL THEORY FOR PI ELEOTRON NETWORKS 

As disoussed in part l, the purpose of moleoular orbital theory is 

to find approximate electronic wave functions for a molecule by asSignil~ a 

one-electron wave function to each e~ranuclear electrono 

In the LINEAR OOMBINATION OF ATOMIO ORBITALS (LOAO) approachp the 

one-electron molecular orbitals Vi are approximated as a linear combination 

of atomic orbitals (AOs) f2/ u associated with each atom a in the mole cule" 

(1) 

"1here the coefficients c. of atc.mic orbital 0( in the MOs ,If. are to be 
~u ~ u y~ 

determined.. In order to deterroine the bast MOs, "., for a particular molecule 
~ 

in its ground state, a variational treatment which minimizes the total elec-

tronic energy of the molecule Hith respect ta the coefficients ciu is carl'ied 

out (1) by using the expansions in equation 1.. If the electronic \-lave function 

is approximated by a single Slater deter.minant for the clased shell of 

electrons, then the energy minimization procedure described by Roothaan (1) 

leads to a set of SEOULAR EQUATIONS for the coefficients c. : 
~u 

2: F c. uv ~v v 
= E. Z 

~ v 
(2) 

for each 9f Uo lbe suro v is over all the stamic orbitals to be consideredo 

In equation 2, the elemsnts F of the F matrix are defined (2) as: uv 

Fuv = Huv + 2=;; Pwx [(u" r G 1 vx) - * (uw 1 G 1 xv)l (3) w,.... IJ. 
Hhere 

and 
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(uwl G Ivx) :: (iT A tel) ~ *(2) (....L \ cp '(1) ç6 (2) at (1) d't' (2).. (5) )J ~ u ~ w rl;) v x 

The suros over w, x are ovel' al1 the atomic orbitals considered.. Complex 
k conjugates of the orbitals are denoted by stars .. In equation 3, the Pwx 

are the elemen'ts of the bond order matrix :E': 

occ 
P :: 2 Z c c 

wx i iw ix 
(6) 

whel'e tl;le SUIn is over all the doubly-occupied molecular orbi tals" The'V2 

ternl in equation 4 is the Laplacian operator, Wld. Va represents tm potential 

due to nucleus ao The r12 factor in equation 5 represents the distance 

between electrons land 2" 

The elements Suv of the overlap matrix S in equation 2 are defined 

as 

(J 

The Ei of equation 2 are the one-electron energy levels of the molecular 

orbi tals o/i" The Ei may be fotmd by solving the SECULAR DETERMINANT based 

on equation 2: 

IF - E si:: 0 uv uv .. 

(7) 

(8) 

The roots, E, of the determinant equation 8 represent the N possible values 

of Ei for which non-trivial solutions of the sectùar equations are possible" 

The total electronic energy, E , of the molecule is given (2) by: 

ç:: 2. " P (H + F ) c:: 2 L-. uv -uv uv . u,v 
o 

For conjugated molecules \'lhich are completely planaI' at the equili­

brium positions.? the o/i for the molecule can he 'separated into a set of "pi" 

MOs and El. set of "sigma" HOs,? according to whether the o/i are antisymme'IJric 
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or symmetric with respect to reflection through the plane of the moleculeo 

Two starldard methods of treating the electrons associated with the pi MOs 

will now he consideredo 

1900 
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,Pople" 0 8 Meth2!Lfor Pl: Electrons 

In the approximate self-oonsistent field method developed for pi 

electrons, Pople (2) assumed that the effeot of the sigma eleotrons upon the 
pi electron system oan be represented by a rigid, non-polarizable "coreo" 
The potential of this core is included in the elements of the H matrix 

(equation 4) associated with the pi system atomic orbitalso* The orbitals 

~ u' qJ v' • 0 • • 0 to he considered are the valence-shell P1T atomie 
orbitals, one from each atom in the conjugated system. 

In order to simplify the treatment of pi electron systems, two 
"overlap" approximations are made (2): 

& : uv 

i) The overlap integrals Sare appro:ld.mated by the Kroneker delta uv 

S = & = 1 uv uv if u = v 

= 0 if u ;!. v ofF 

(la) 

ii) All the t,,,o-elec'êron integrals (mil G 1 VJc), defined in equation 5 
are set equal to zero unless u = V a,ng w = Je: 

(mlIGlvx) = 0uv bwx (uxl Glux) 0 

Only tHo types of the t"lo-electron integrals are· then non-zero, 

(uu 1 GI uu) and (uv 1 G luv)o 

For simplici ty the two integrals 1vil1 he wri tten in terms of y : 

Yuu = (uu 1 G 1 uu) 

y uv = (uv 1 G 1 uv) " 

One effect of the above approximations ia that the F matriJr e1ements, F , uv 

(1J.) 

(12) 

lJThe IIsigma-pi U separation of this type is rigorous1y examined and justified by Lykos and Parr, reference Jo 
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defined in equation 3 are simplified (2,4,5) to: 

(13) 

F - H .lp Y uv - -uv - 2 uv uv (u ;i v) .. (14) 

Pople (2) expand~the core integral Buu' (equation 4) into two parts, 

== U -L (u/VaIU)9 
uu a:/u 

(15) 

U . is the diagonal matrix elem.ent of orbital)6 vrith respect to uu u 

the one-electron Hamiltonian [- t ~2 - vu] 0 This Hamiltoman contains 

the kinetic energy and the interaction of an electron in ~ u vrith the core of 

the atom associated Vlith ~ u' since Vu is the potential due to this coreo 

In most senu-empirical m.ethods, the term Uuu is not calculated explicitly, 

but is evaluated froID the "experimantal" valence-state iomzation potential 

l associated luth n< (6,7): u )Vu 

- l u (16) 

Pople (2) simplified the F uu equation further by approximating that 

the interaction of an electron in çzJ u VIi th the singlrcharged core of atom Cl 

(vrith i-lhich ~ is associated) is equal and opposite to the interaction of v 

an electron in }li u ivith an electron in st> v 

::L[n< u
fi 

V n< dL " ~ a)V u == -Yuv 
I.J a 

(u 1- v) 0 (17) 



Since Za (or Z ) is the "core charge" of atom ai then v 

- Zv Yuv =J~ u" Va ~ u dX • 
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(18) 

By introducing the ab ove exp!~ssions invo1ving Uuu into the equation l3p the 

F expression is simplified considerab1y: uu 

F =H +lp Y + L p y uu uu 2 uu uu J. ww UW 
Wf"'U 

,,{ dl:' + ù.. P y +.L. p y 'P u 2. uu Utt .1.. ww UW 
WI-U 

= -1 - L Z y + l p Y + L P y 
U .../ \.J UVI 2 UU uu ....1 ww UW 

W rU. . \'17' U 

= -1 + .1.. P Y +.L (p - Z ) 'Y u 2 uu UU -1 lV\.J W UH 
. lv-t U 

" 

In sem:l-empirical pi-e1ectron methods,ll the one-center rôpulsion 

(19) 

integra1s Yuu are usually approximate1y evaluated from the ionization potential 

Iup and the valence-s·tate e1ectron affini typ Au" ass~ciated wi th Ji u (5,ll 8): 

y = l - A uu u u D (20) 

Since the zero overlap condition (equation 10) is used in the Pople methodg the 

electronic charge densityp ~g of orbital ~ u may be associated with the bond 

order matrix diagonal terms Fuu 

F uu " (21) 

If equations 20 and 21 are combined Hith the expression for F in equation 
uu 

1911 the F matriJc diagonal elements becoma: 

F = ~I + l a (1 - A ) +.L (a - Z ) y . uu u 2 "U U U L. "'l,.J vi ml 
Wl-'U 

(22) 
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In Pop1evs method, the expressions for Fuu and Fuv are eva1uated 

for each pair of atomie orbitals in the pi system by use of equations 22 and 

14 respectivelyot The resulting secular determinant equation, 

/Fuv - E buv 1 = 0 (23) 

may then be solved for the N energy 1eve1s, Ei , and these energies used in 

the set of secular equations 2 to calculate the coefficient matrix Co Since 

the F matrix elements are depandent upon the elements of C, an iterative 

process is used in Pople's method to establish the self-consistent field 

energy levels and C matrixo 

~Sge a1so footnote (b) of Table II~Io 
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lbe Huckel Methog fg[ Pi Electrons 

An alternative method to Pople's procedure for the study of pi 

electron networks is the "simple Huckel" technique. The general theory of 

the Huckel method is extensively discUBsed by Coulson and Longuet-lliggins 

(9). A shoTter review of the technique is contained in Streitwieservs book (10)0 

The Huckel method is similar to that developed by Pople since, in 

both approaches, the one-electron molecular orbitals 0/1 are approximated by a 

linear combination of valence shell Pu atomic orbitals 96 u : 

The bond order matrix P is defined from the coefficients 

=: 2 f: 
i 

ci c. u ~v 
(25) 

and the overlap in"tegrals S 
UV 

are normally (in the simplest Huckel treatments) 

approximated as follot-lS: 

Suv =: b =: l uv if u =: v 

=: 0 if 

The secular deter.minant to be solved is 

1 Fuv - E buv 1 =: 0 

u ;i v 

then of the for.m: 

The main difference batween the Huckel and Pople mathods is the evaluation 

of the F matrix elemants 0 In the Huckel treatmants$' all the terms F and 
uu o 

Fuv are defined Hith respect to an EFFECTIVE HAMILTONIAN Heff (11p12): 

F' =: a =frj{ fs. ~ d d't' 
uu u ~ u eff ~u 

(26) 

(27) 

(28) 
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(u ~ v) Il , (29) 

The F matrix terms au and ~uv are not evaluated explicitly, but are 

treated as semi-empirical parruneters. The "resonance integrals" ~uv are taken 

,.,( ,'" are the p.",. AOs of atoms ,..rhich have a localized 
~u 'f'v 1/ 

sigma bond between them (i.eo ~ u' S?> v are "bonded" or "nearest neighbours" 

in the molecule). 

The parameters a and ~ are usuallyexpressed in terms of "standard" u uv 

Coulomb and resonance integrals a O and ~o which represent the CI
U 

and "bonded" 

~uv for the benzene pi system in the follo\oring manner: 

+ h ~o 
u 

Many methods have been propased to evaluate h and le for -ù uv 

(30) 

(31) 

different Pu AOs (12)0 One common procedure is ta adjust the various values 

of h and le in a moleoule in order that some experimantal property of the ::u, uv 

molecule, or of a series of molecules,9 ia reproduced by the Huckel calculationso 

The Hucleel method Coulomb parameters p h .9 have bean associated with the 
• u 

difference between the Pauling electronegativity, x~, of the atom asse-

ciated \olith ~ up and the' electrcnegativity of carbonp ~, 

= CI - a ~ 
. 0 

...Il. 
(32) 

l·fhere A is usually talcen to ha unityo 

Hullilcen (13) has shOloIn on t.he basis of soma theoretical calculations 

that the Coulomb integralp CI p for a singly-occupied atomio orbital n( .9 is u ~u 

roughly proportional to the Mulliken electronegativitYJ> XM, of the 
u 
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orbital JZS u: 

XM = 'l. (I + A ) 
u 2 u u • 

(33) 

On the basis of t~ts analysie, valence-state ionization potentials, eleotron 

affinities and Mulliken electronegativities have been used to estimate 

Huckel method Coulomb intagrals by various techniques in the pasto 

Attempts have been made (12,14,15) to find Coulomb and resonance 

integrals which, when used in the Huckel method, would closely reproduce 

some property (e~g. charge distribution) calculated by Pople's method or 

methods closely related to it. 
, 

Molecular ionization potentials have been exbensively employed as 

a property which can be used to "fit" Coulomb and resonance integrals, 

espacially in a variant of the Huclesl method commonly IcuOlm as the OMEGA (c.o) 

TECHNIQUE (16)0 In omega technique calculations,9 tm Coulomb integral of a 

Prr AO $Z5 u is assumed to ba linearly depandent upon the charge densi ty,9 ~, of 

that orbital: 

a = aO + h po + (Z - a ) c.o po • (.34) u u u "'U 

In this expression, Zu ls "lihe core charge of the atom associated lvith ~ u' 

and c.o is an empirical constanto A range of values from 00.3.3 to 1.8 (12,17,18) 

has been proposed for the term co, but strei tvlieser' s estimate of (0 = 104 

(16) for carbon is nOvl general1y accepted and is used for the PT[ atomic 

orbitals of al1 atoms o 

The vlide range of h and k values that have been used for various u uv 

heteroatoms in the simple Hucleel method have been compiled and discussed by 

&'treitivieser (12)0 From such data, he has been able to determine "average" 

or "best" values of the Huclcel parrun.eters h and le for a variety of systems, u uv 
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and these tlbest" values are now in wide use in simple Huckel method calculationso 

The object of the next seo"hion will he to analyze the nature of the effeotive 
o 

Hamiltonian Heff of' equations 28, 29 whioh generates such a set of parameterso 
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Ho 2 .Q.Q.llLQMB INl'EGRAL PAMMliiTEES FROM BOND ucmON1!:GATIVITY FllNCTIONa 

The review of moleeular orbital mathods for pi-electron systems in 

the previous seotion has indicated that the simple Huokel, omega technique, 

and Pople methods are similar, and differ mainly in the determination of the 

elements of the matrix F used in the LCAO - MO secular equationa In this 

seotion, various schemas will he advanced whereby the Pople method F matrix 

e1ements may he APPROXIMATELY calculated, and the relationships hetween these 

schemas and the simple Huekel and omega techniques will he disousseda The. 

relationships will he exploited to provide Huckel meijhod Coulomb integral 

paramsters, hu' for El. vEl.riety of atomso 

Tho F matriJc diagonal elemen'Gs" Fuu' of the seoular determinant 

have been round ta reduce to the follOl.ring equation in Pople 1 s mole culaI' 

orbital method: 

"r, 

F = -1 + l. q (1 - A ) + .L (0 - z ) y 0 
uu u 2 U u -"Il vl~U "'W vI ml 

(35) 

Dy introdueing Zu' the core oharge of the atom associated 'Vlith atome orbital 

fi ù.~ into equation 35,9 l~u may he rel.rritten as a suro of three expressions: 

Fuu = [lu + .~J1 (lu - Au>] + ~'lu ~ Z,~ (lu - Au~ 

+ [I; (qvI - ZH) Ymv] , 
vri'U 

li' = J(u) + K(ullo ) + L(u"o ) , 
UU "U 'VI 

In equation 37, the terms J(u), IC(u,o) and L(uJ)q ) represent the first,:) 
"1l U 

second and third expressions respaotively in the square braokets of the right-
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hand side of equation 36. 

Part of the F expressions in equations 36 and 37 bear a strong uu 

resemblance to the molecular orbital bond electronegativity function, Xu' 

for an atcmic orbital ~u which was defined in part l (page 40). This 

definition for Xu is of the form 

Xu := lu + ~ ~ (Au - lu) • 

By substituting Xu of equation 38 into equation 36, Fuu may be defined in 

terms of ~ : 

F := -X + r (a - Z ) y. 
uu u wu ""W \v uw 

since 

-x := J(u) + K(upq ) 0 
u u 

If ~ := Zu' then the term K(u,~) is zero, and for such situations -J(u) 

represents the bond electronegativity of orbital ri u for the "neutral l1 

(:39) 

(40) 

. orbital J?f u (ioeo an orbital for 'Vrhich ~ := Z) 0 Further relations between 

X and F \-1i11 he discussed later in this sectiono u uu 

For th~ purposes of the present analysis, it is convenient to 

define sorne new parameters E uv for the orbital pairs such that 'VIhen 

u := v, then 

f uu := ~ Yuu := 1
2 

(I - A ) 
u u 

and for u .;. v, 

E uv := Yuv Il 

By using ~he ~ tenus instead of Yuu and Yuv' the expression for Fuu in 

equation 36 can be re\-Iri tten in the following form.."l: 

(42) 



Fuu = -lu'" ~ (lu - AU) 
2 

F = uu 

The suro w i8 now over ALL the pi atomc orbitals, including ~ u· 
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(44) 

In approximation method A, the 'cem Z (<1w - Zw) E uw of equation 43 
w 

will be assumed to be equal to zeroo The F expression of equation 43 is uu 

then reduced to the ter.m J(u): 

F = J(u) = -1 ... Z (1 - A ) • uu u ....l! 11 U 

2 

Z (0 - Z ) E 
'''H \<1 ml 

1." 

may ba The validity of neglecting the tom 

E. 

(45) 

discussed by first defining the terme 

is defined relative to a term E 

such that each uw 

Ë uw = E. +L\E 0 

11\." 
(46) 

In equation 46, E is some average of all the E for a given orbital ,/.. uw YJ u 

Using this typa of expansion for each € tlW tel~, the expression 

Z (0 - Z ) E. may ba split into two parts as follm-JS: 
"'VI ',1 m." 

H 

Z (~- '- Z. ) E. = Z Q (0 - Z ) (E. + L\€ ) 
w ..,.·1 W UW vi "'VI W UVI 

" = 2: 
vi 

(0 - z )6 
..,.." vi 

+ 2: (q - Z ) L\ E 
'H H U\<1 

H 

2: (0 - z ) L\ € ' 
"",1 H ml 

vi 
(47) 

For pi-elect,!'on netHorks in Hhich 'there is no llft:t. charge associu.ted vJith the 

pi system, the suro of the orbital charge densities ~l must be equal to 'the suro 

of the core charges Z : 
1." 
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or 

(a - z) = 0 , 
"'tof W 
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(48) 

(49) 

Due to the equality expressed in equation 49, the right-hand side of equation 

47 is simplified to one ter.m: 

z 
w 

(a - Z ) ~ E. • 
"'tV W uw (50) 

If, the system being considered, all the E uw terms for orbital ~ u were 

exactlyequal, all the ~ E uw \>lOuld he zero and the remaining term in the 

expansion in equation 47 Hould disappear .. 

In this case, the approximation eJ~ression for F in equation 45 uu 

In general, all the E are not identical, although for UH 

many common sroall ring molecules these terms are all similar in magnitudeo In 

the benzene molecule, for exemple, l'ariser and Parr (8) give the follo\ving 

Yuv values from uhich the € UH terms may be calculated according to equations 

~.l and 42: 

Yll = 10053 eov .. .. 
0 0 ~ 11 = 50265 eov o 

Y12 Y16 7030 e.vo 0 

f. 12 f; 16 7030 eovo = = 0 .. = = 

Y1.3 Y15 5046 eovo 
.. 

f:. 13 € 15 5046 eovo = = 0 0 = = 

Y14 = 4090 eovo .. .. 0 E14 = 4,,90 eovo 

If the averag6~ 5095 e oVo, of the six E values is taken as E .? the UH 

terms ~Emv are slliall relative to € itself: 



~E 11 = -0069 eovo 

Ô. E 12 = IJ. € 16 -- +1035 eovo 

Ô. e 13 - ~ E 15 = ·-0049 e",vo 

IJ. G 16 = -1005 sov .. 

The second approximation whieh will be employed in method A concerns 

the off-diagonal F matrix elementss> Fuvs> of the Pople scheme. These Fuv are 

defined as 

Fuv = H _lp Y 
UV 2 uv uv (u 1- v) " 

TI1S' approximation which will be used concerning the off-diagonal F uv 

is that F is takEJn as zero unlew" the atome orbi tals uv . ~ ~ u' ç6 v 

(51) 

terms 

00 long 

to atoma lvhich have a sigma bond bet\veen them (ioeo 9J u and çf v are "bonded" 

or "nearest neighbours") 0 If the two orbital.s nt and n( are "bonded" 
y;' 'J, )!.I V 

and are both P1T atomie orbi tals of carbon.9 then Ji' 1vill he taken to be equal 
n'T 

to F n IJ l-lhich is the F value for the bonded a-tomi.c orbi tals in benzene .. cc' uv 

For two carbon atom P1T AOs r6 11 and pf v !J the n, 

and 

F = F uv cc D 

F = 0 uv 

if 'a.9 v are bonde d 

if u.9 v are not bondedo 
(52) 

1he assurnption regarding non~bonded Fuv is not a drastic approxi­

ma'bions> sinee even in the full Pûple method9 the term l\rv is taken to be zero 

if the orbitals ~ u and st> v are not bonded (2)p in 1vhich case the matrix 

element Fuv reduces to ~~ Pmr Ymi SI 1vhich is usually smallo 

The Coulomb integrals J(u) of "method Ali may be e,xpressed in terms 

of the term FccP' 1Vhieh \-lill he used as the uni.t of energy in the methodo By 

defining J(C) as the value of J(-:-) for a carbon atom,9 the general expression 



J (u) may he wri,tten in terms of J'(C) and F 0 g cc 

J(u) = J(C) + ~ Fcc u 

h = Jiu) - 3(01 
u F 

cc O 

or 

(53 ) 

(54) 

The Coulomb integral parameters hu may he calculated for a variety of atollS 

and valence states from th.e ionization potential (lu) and electron affinity 

(Au) data of Hinze (19)0 The torms lu' Au ,? J(u) and [J(u) - J(cil 

are listed in Table II ,- Io The evaluati.on of the bu terms requires the 

numerical value of Fccoo Since PCC09 the bonded bond order in the benzene 

ground s·tate, is 2/3, and since y 0'\/ the repulsion integral for the bonded cc 

AOs is 70,30 e oV 0 (Pariser and PLU'r (8).9 then the term Fuis: cc 

li' ° = II l P 'V' cc cc o - 2 cc u ICC O 

= II ° ~ 204.3 eovo cc 

The bonded core in'tegral.,9 Hcc O~) for benzene is norroally estiroa.ted 

empirically from some sxperimentally observable property of the moleüule 0 

From the ultraviolet spectrum of benzene 9 Pariser and Parr (8) have derived 

= -1075 eovo 

fram an empirical relation betHeen bond order and bond lengthu An alternative 

procedure by 'vhich H 0 can be est,imated is by fitting the experimental first 
cc 

ionization potential l BENZENE of 1xmzene.9 9052 e 0 Vo (electron impact value ~ 

reference .21) to 'the predi.ction of this quantity made by method A: 

l = F + F BENZENE cc cc 0 
(56) 

This fitting procedure leads to a H 0 value of ~105 SoV o Several other cc 0 

methods can be used 'to determins the magnitude of II 09 but most est,iroa.tes, cc 

like those abovs,\/ cluster in the rsgion ~L)5 to '~,,205 eova (69 11) 0 The 
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TABLE II-I~ Coulomb Integral Para.m.eters for 14ethods liAI! and "BII 

Atom Valence Z l A l -A J(u) . J(u)-J(C) h Empi- co state of u u( \ u Cb) 1:. u u rie al u a) 
(b) (eeVe) (eeve) (5" Core (eovo) (e 0 v 0 ) 

(e"vo) h (c) 
u 

Be di ldi 1 0 0 017 -0085 1002 -0017 +5042 ~1028 0012 
B t It It 1 r r r 0 1006 =5032 6038 -1006 +4053 -10°7 -1 007

5 
C tr1trl trl 

1 11016 0003 lL,13 -5059 0000 0000 0 1032 
N . 2t 1 ... 1 "Gr r \.Ir 1 14012 1078 12034 -7095 -2,,36 0056 005 1 046 
II -1- It 1-,- 1 "r r .. r 2 28071 11095 16076 -11095 -6036 1050 105 1098 
0 221 

1 17028 2001 15027 -9065 -4006 0096 1 1080 
s p p 

0 211 
s P P 2 34015 14061 19054 -14061 -9002 201

3 
2 2031 

F 221 
2 39067 18011 21.,56 -18011 -12.52 2 096 3 20 55 

s P P 

Ng di
l dil 0 0016 -1094 2010 -0016 +5043 -102

8 002
5 

Al tr1tr1trl 
0 1062 -2051 4013 -1062 +3 o 'TI -0094 004

9 
Si trl trl trl 

1 9017 2000 7017 -5~59 0000 0000 008
5 

p tr2trl tr1 
1 110]4 L80 9034 -6047 -Oe88 0021 1.10 

1\) 
0 
\..Tt 0 



~BLE 11-1 continued 

Atom Valence Z l A 
State of u u(a) u (b) 
CS Core (eovo) (eovo) 

p tr1tr1tr1 2 20068 10026 

S; 221 1 12039 2.38 s P p 

S: 211 2 22097 11005 s p P 

Cl 221 2 26036 13038 s P p 

C-s trl tr1tr1 1 8072 4.11 

As tr2tr1tr1 1 11024 2064 

Se 221 
1 11.,68 2052 s p p 

Sn tr1tr1tr1 
l 8002 4.89 

Sb tr2tr1tr1 
1 10051 2.77 

Te 221 
1 11.04 2,,58 s p p 

l -li J(u) J(u)-J(C) u u 
(b) (e 0 v.) (e eV.) 

(e.vo) 

10042 -10026 -4.67 

10,,01 -7039 -1.80 

11092 -11005 -5 .. 46 

12098 -13.J8 -7.79 

4061 -6041 -0.82 

8,,60 -6094 -1.35 

9 .. 16 -7010 -1.51 

}013 -6046 -0.&7 

7074 -6064 -1.05 

8.46 -6081 -1022 

h Empi-u ri cal 
h (c) 

u 

lolO 

0.4
3 

1.2.9 

1.8
4 2 

0.19 

0.32 

0 .. 36 

0.21 

002
5 

0029 

(0 
u 

102
3 

1.18 

10~ 

1.53 

0055 

1.02 

1.08 

0.37 

0.91 

1.00 

/'"'\ 

li.) 
o 
0' 
o 



TABLE 11-1 oontinued 

Notes: 

a) Energy data from referenee 19. 

b) 

e) 

1he oaleulation of y by the "1 -A" formula is not rigorously uu u u 

justifiable for atems having less than"half-filled \';\len09 shells 

(see, for example, referenoe 29), but the "1 -A" formula is used u u 

for all atoms oonsidel'ed herein sinee it is suffieiently aeeurate 

for the purposes of this studyo 

Empirioal h data from po 135 of referenoe 10. u 

2070 



( 1 range of Fois therefore approximatel.y -'309 ta ~409 eovo cc 

The expression for J(u) in mathod A~ equation 53» is similar in 

forro to the simple Hueleel. method expression for Ou '(equation 30) 0 The 

Coulomb integrals for the two m.ethods wi.ll he identical if the following 

conditions are m.et~ 

.1) The Hucleel method empirical h values are a linear function of the u 
method A h values determined fram the valence~state energiese u 

ii) The IDagllitude of the slope of the line for the plot of Hucleel h 
u 

against the term~(u) - J(CUlies within the range of Fcc o discussed aboveo 

In order to es"tablish \.,rhe'/:,her the above conditions are in fact valid, 

the empirical Hucleel hu are plotted against the terms Q:(u) - J(CB in Figure 

II-lo The Huckel.r. are the "bes·t" values listed by Streitwieser (12)0 Sinee u 

these values are gi.ven by St.rsitw.i.eser ta the nenrest 005 unit.\' snch empiricnl 

hu has an uncertainty of ±Oo2.5o 

The correlation line in Figure II-l i9 eXc31lent,ll and yields a slope of 

=4023 e"vo,9 which is roughly in the m:!.ddlb 01 the range of F u discussed . cc 
above 0 From these correlations, it lnny ho concluded that method A vli11 lead 

to the seme results as the simple Huck.el method (using the "best" Huckel h ) u 
for t,he molecular orbital treatmen'b of any particular moleculeo The efi'ective 

o 
Hamiltonianv Heff.9 of the Huckel method Coulomb integrals is therefore 

i.denti.cal to the Pople technique Hruni.ltonian p,aJ.Q.J.tla.ted !ru;: :t.b& JJar.UClÛ"ill';: 

q = Z 0 "'11 ,., 

Sinee the method A J(u) values correspond to the negative of the 

bond el.ectronegativities for -the noutr8J AO (equation 40)9 the Hucleel 
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Figure II-1: 

VARIATION OF [ir<u)a.J(CJ HnH Et1PIRICAL hu PARAMETERS 

Note: Core charges for orbita1s are listed in brackets after the 
1 atom symbol, if parameters for more than one core charge have 

been calculatedo 
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Coulomb integrals will also correspond to the electronegativitieso In general, 

the relation between the Huckel Coulomb integrals and the bond electronegativity 

function may he expressed as follows ~ 

All the J(u) lis'ted in Table II~I are calculated fram the various 

sigma orbital valence states notedo All the sigma valence states employed 

correspond to what may he termed a "neutral" sigma system. The neutral sigma 

systems represent sigma bond charge distributions in which no charge transfer 

has taken place in any of the localized sigma bonds on the atoms associated 

wi th 'I;he P7T atomic orbi tals 0 A second characteristic of t,he Huckel method 

Reff is that it corresponds to a completely non-polar charge density distri­

bution in the sigma electron system of each atomo 

The changes to the individual ~l values caused by polarity in the 

sigma bonds can be estimated by using valence~'state ionization potential and 

electron affini'l;y data (uDed to calcu1ate J(u» of the P7T atonrlc orbitals 

eva1uated under conditions for Hhich charge transf€lr has occured in the sigma 

bonded frrunm.,rorko By using the pOHer series expansions of lIA J in terme u u 

of the mt. sigma charge» Q 0- j) of a particular atom (see part If) page 60):1 

the terInS hu may he eJcpressed in terms of Q(T''' For the carbon, nitrogen and 

oxygen P7T orbitals having core charge Zu = 1, this dependence is: 

he 0000 + 2028 Go- + 00 43 2 (57) = Qo- , 
hN = 0056 + 2043 Q(J + 0049 Qo-2 ') (58) 

~ 

ho = 0096 + 3017 00- + 0032 Qo-2 
" (59) 

The magnitude of the dependence of hu upon Q Ct"' .is about 2-3 uni ta par 
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electronj) and will be important for tetravalent nitrogen and trivalent oxygen 

atomso streitwieser (12) lists h for these two particular species as +2.0 
11 

and +205 respectivelyp corresponding to a sigma system net charge Q a"'" of 

approximately +005 electron in each caseo This net charge appears to be quite 

reasonab1e p since the sigma bonds of the nitrogen and oxygen atoms will be 

quite polar in these speciesj) reducing the net positive charges from unityo 

The expression for h (' in terms of Q cr may be combined wi th the sigma 
v 

system net charges calculated by the BoE.Eo method for various hydrocarbons 

to yield Coulomb integrals for the pi orbitals in such moleculeso The values 

of hC ca1culated in this manner are given in Table II-II along with the hC 

relative to the pi orbital of benzeneo The Coulomb integrals relative to 

benzene fall into three classesg 

i) 

ii) 

iii) 

he ;::0 0 for the benzenes 

he nJ -0006 for the ethylenes 

hC r:> ~Oo13 to ~'Oo17 for the acetylenes , 

\üthin the benzene and et.hylene seriesp the effect of alkyl substitution upon 

the magnitude of h C is very sm.a.llo 

The expression for DU in method A (equation 54 ,,rith Fcc u = -4023 eov.) 

may be used to generate Coulomb integrals appropriate to simple Huckel method 

calculations for a variety of atoms ,,rith "neutral" sigma cores.. The values of 

these Huckel Coulomb integral parameters h are listed in Table II-la The PTT . u 

orbitals of the ator~ of the second and third groups of the periodic table 

(B~5> Mg9 Band At)jl have quite Im1 ~:J 9 about =1,9 for the core charge Z = 0 
u u 

valence states 0 'l'he groop four atom hu terms are somewhat larger,ll in the 

range 0 ~ hu. ~ l 0 For the P1T orbi"tals of the group five,? six and seven 



TABLE II-II: Erfect of Sigma Core Charge on the Coulomb Integrals of a 

Carbon Pu Orbital 

Molecule 

Benzene 

He xame thylbenze ne 

H2C = CH2 

HaRC = CHMe 

Me2C = CMe2 

EtHC = CHEt 

HC=CH 

MeC= CMe 

EtC= CEt 

Note: 

a) From Table I-Xo 

Sigma Core ( ) 
Net Charge a 
(in Electrons) 

-000608 

-000631 

-000904 

-000888 

-0 .. 087.5 

-000872 

-001192 

-001378 

-0.1373 

hC Relative 
to a Neutral 
Carbon Atom 

(in po) 

-0.137 

-0.142 

-0020
3 

-0019
9 

-0019
7 

-0 0 196 

-00266 

- 00306 

-0030.5 

he Relative 
to pi Orbital 
of Benzene 

(in po) 

0 .. 000 

-0000.5 

-00066 

-00062 

-00060 

-0 .. 0.5
9 

-0012
9 

-0016
9 

-00168 

2120 



atoms, the variation of hu for different atome in the sarna group, and for 

different Z of the sarna atem, is quite marked. u 

213. 

In approximation method A, the Coulomb integra.ls were oaloulated by 

retaining only '~he term J(u) in the Pople expression for the F matrix elementa 

Fuu ' equation 37. In' approximation method B, the two tems J(u) and K(u, qu) 

of Pople1a expression for Fuu will he retained in the approximate fom for 

the Coulomb integrals. The other a.pproximation used in method A, that oonoernmg 

the off-diagonal F matrix elemants, will alao he used in m.e'thod Bo Henoe the 

F matriJI: elements in method B are given by the expressions: 

Fuu :::: J(u) + 1\(u,~) ::::' -~ (q1) ') (60) 

F :::: F • uv co' if u~ v ure bonded 5 (61) 

F :::: a uv if u, v are not bonded ~ (62) 

ïhe expression for Fuu in method B, equation 60, may he oonverted 

into a oomputationally convenient fom in the following mannero In method A, 

the tenn J(u) was recust in terms of J(C) and F .: 
oc' 

J(u) :::: J(C) + hu Foou 0 (63) 

The term Kru.9 'lu) 

K(ujl q) :::: 
U 

of equation 60 

(q~- zu) ell ; Au) (64) 

ma.y alao he expressed in terme of F , by defining a tel.'DJ. ru by ths equation: cc u 

:::: 
(65) 



The expression for K(u,~) then beeomes 

K(u, qu) = (Zu -~) rou Feel 1 (66) 

and the equation for the F matrix diagonal elements in method B is of the 
following form: 

1 (67) 

Using the value of Feel , -4.23 e.v., found in method A, and the 
ionization potential and electron affinities listed in Table II-l, the 
parameters ro may be calculated· for eaeh type of p atomic orbi talo Numeri-u rr 
cal values of ro for several types of orbitals are listed in Table II-I o u 

All the rou term8 caleulated are positive, indicating that the 
magnitude of the Coulomb integrals decrease (in the sense of becoming less 
negati ve) as the orbital charge densi ty <lu increases.. The values for the 
terms rou for different atoms are quite dissimilar, ranging from 001 to 2060 
t{i thin each rOlof of the Periodic Table, the terms ~l are found to be linearly 
depandent upon the corresponding hu parameters, if only group ~~ree to group 
seven atoms are consideredo The plot in Figure 11-2 illustrates this depen-
dence for the first period atoms B to Fo For the pi orbitals rou of these atolliS y 

, 
(68) 

For the second period atoms Al to Cl, a correlation line between rou and h 
u 

\'lhieh is almost parallel to that for the first row atoms is found.. For the 
pi orbitals of these atoms, rou may be exp:ressed in terms of hu by the 
follot-ling equation: 

By using these equations relating ro Hi th hu the expression for F SI ·u uu 

(69) 
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Figure II-2~ 

VARIATION OF ~1 t'IITH ~ FOR FIRST PERlOD ATOl'1S 
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equation 60, may be ratv.ritten in terms of a function hut 

F = J( C) + h t FI. uu U cc 
(70) 

Here h t is defined for the orbitals of the atoms B to F by the expression 
u 

and for the orbitals of the atoms from Al to Cl by 

h t = h + (0.42 h + 0.86) (Z - a) • 
u u u U "'LI 

The improved simple Huckel method, termed the omega technique by 

Streitwieser (16), is similar in form to the method B of this study. As 

previously discussed, the omega technique Coulomb integrals au are given 

by 

In the discussion of method A, i t 't·ras shO\m that the 'Germ (ao + h po) 
u 

corresponds to the expression (J (C) + h FI) 0 1"'he omega technique vlill u cc 

(71) 

(72) 

(73) 

then correspond to method B if the term ro ~o of equation 73 is equivalent to 

the term ro F ft of equation 66. In the previous discussion, it vIas shO\m 
u cc 

that ~o may be equated vIi th F D' and hence the omega teohnique will 00 cc 

identical to method B providing the magnitudes of c.o and rou are identicalo 

In the omega technique, the "oost" empirical value of ro for carbon is 1040 

1he magnitude of the term ro for carbon in method Bis calcula'ted to'oo u 

1032 (Table 11-1), in excellent agreement 'tvith the empirical resulto 

The empirical omega technique developed by Strei tlvieser is in fact 

almost computationally identical ,·,ith approximation method B for hydrocarbon 

systems.? since t~e ro and rou for carbon are virtually identical in magni­
o 

tudeo The effective Hamiltonian, Heff, of th~ empirical Œooga technique for 
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the Coulomb integrals corresponds to the Pople method Hamiltonian, evaluated 

for the condition: 

L (u" o. ) = L (a - Z ) y = 0 
. "'W ...L "'W W uw 

\-'f"U 

(7380) 

since only the L(u, C!w) term has been dropped from the Pople expression for 

F in method B (see equations 37 and 60) 0 ~e omega technique Coulomb 
uu 

integrals, therefore, represent the NEGATIVE of the bond electronegativity 

for atomio orbital ~ u (equation 60)0 

Although the empirical omega technique value for the term ru was 

evaluated for hydrocarbon systems, the sarna ru= 104 has been used for other 

pi orbitals ,.{ l>fhich are not p orbitals of carbon, but are associated i>fith 
Pu TT 

he:texo.atOlJl8~ The vridely different ~ for many atoros listed in Table II-I 

indicate that the extension of the carbon ru value to other 8otoros is not 

valid, and the different values in Table II-I should be used for heteroatoIDSo 

The specifie dependence of the magnitude of the ru parameter upon the nature 

of the orbital çD u has been previously considered by Pritchard and Sumner 

(22), and by Klopman (23) 0 Klopman also briefly considered the correspondence 

be't'-Ieen the omega technique Coulomb integrals and the bond e1ectronegati vi ty 

function (23) 0 

In the main paper discussing the development of the o~ga technique, 

Strei twieser (16) at"tampted to malee a c amparison batl>feen Pople 9 S expres sion 

for the terIn F , and the Coulomb integral equation of the omega techniqueo 
uu 

Using a ~o value of -2011 eovo obtained from a correlation of some experimental 

mo1ecular ionization potan'tiels uith those calculated by the omega technique, 

Streitvrieser noted that the magnitude of the tenu -GO ~o, 2,,9 eOVOJ) uas much 

smaller than the value of the corresponding ter.rp. ~ "fuu ' 503 eoVa, of 
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Pop1e us expressiollo StreitHieser conc1uded from this that,9 by using this low 

value of -<0 ~o li 'the omega technique in fact compensated in an average way for 

the omission of the L(~) qw) term of Popleus expression for Fuuo This con­

clusion is in contrast to the discussion of the present study,9 Hhere it was 

concluded that the omega technique does not compensate i.n any way for the 

omission of the L(u, q ) termo w 
The baais of disagreement between these opposing views lies in the 

different values of ~o and Fcc u used in the comparisonso Streitvlieser 

employed a value of ~o obtained from a correlation line in which the omega 

technique molecular ionization potentials p Im,v vIere calculated from the 

difference in pi system energies betvleen the original hydrocarbon R,Il and 

the ion R+ produced in 'the i.oniza"tion pI'ocass (l6)~ 

l 
m 

of' -' E1T (R) - E
1T 

(R ) (74) 

+ The Err (R) and Err(R,) uere calcu1ated using the normal Huckel hypothesis that 
the pi energy is given simply by the SUIn of the energi.es of the occupied 

one-electron molecular spin orbitalsQ This method of calculating the pi 

system energies is not vaUd for any molecular orbital scheme which includes 

elec'tron repuls:i.on,9 such as tro Pople technique and methods A and B of the 

present s'tudyo Such correlation line values of ~o do not necessarily reflect 

the effective value of the term ~o used in the Coulomb integral expression, 

and the use of such values may lead to erroneous results when Coulomb integrals 
are analyzedo 
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ComparisQP of Charge Dens;Lty Predi.ct.;J.ons by l1alegular O:d21.tal MethoCÙl, 

All the molecular orbi ta,l methods for conjugated systems that have 

been discussed in this section,are generally termed "semi-empirical" techniques .. 

Such methods are traditionally tested for validity by establishing the extent 

to which they are capable of rationalizing experimental data, as well as by 

studying the rigor of the approximations employed. It is generally accepted 

'~hat the Pople method does represent an improvement over the simple Huckel 

procedure 0 This conclusion has bean reached by the use of both criteria given 

above. In the next few pages, an attempt will be made to ascertain the validity 

of the omega technique relative to the Pople and Huckel methods byestablishing 

the extent to \-lhich the omega technique represents an improvement over the 

Hucke1 method towards Pople' s procedure l"hen applied to pi electron systems 0 

Although o. comparison betl'18en the three methods could be made for' any and all 

pi electron systems, on1y certain arbi trarily chosen examples can be discussed 

in a limi ted amount of space. For tM.s reason, a very common type of pi 

electron system ldll be used in the discussiono This typical pi network to 

be analyzed is that of a conjugated si:ll:-member ring system,l) l-li th each atom in 

the ring contributivg one P7T atomic orbital and one pi electron to '~he ne'~worko 

The molecule chosen ia ahm·rn on the follovring page 0 Since the system contains 
l ' 

five carbon a·toms (atoma 2 to',6), and one heteroatom (atom l)l' it represents 

a pro'liotype of the pyridine mo1eculeo 

Since atoms 2 to 6 are carbon atoms, the "Huckel" method F matrix 

term constants are given simply by h2 ::: h3 ::: h4 ::: hS ::: h6 ::: 00 0 and 

k23 ::: k34. ::: k4S ::: kS6 ::: +100" llie heteroatom pare.meters are arbitrarilyl' but 

typically, chosen as 
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The Huckel method charge distribution (24) based on this set of 

parameters is listed in the Table II-III o 

Each of the molecular orbital methods (Pople.ll omega and Huckel) 

starts with this initial Huckel charge density distribution as a basis for 

further calculations 0 These Hucleel charges are employed in each method to 

ca.lculate new Coulomb integrals Fuu (or au) 0 The parameters ~ Fuu is 

defined as the difference between the Hucleel Fuu term and the Fuu based 

upon the Huckel charge density for each orbital cp u~ 

2200 

~ F = F - F (Huckel) (75) uu uu uu 

The molecular orbital methods may then be compared on the basis of the relative 

magnitudes of ~ F terms predictedo uu 
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TABLE II-III: 

Atom Huckel 
Numbe r Charge 

(Zu~~) 

l -0 .. 3697 

2 +001452 

3 -000082 

4 +000957 

Note~ 

Galculated AF and Huckel Charges for Pyridine-Like uu 

Molecule 

Simple 
Huckel 

0000 

0000 

0000 

0 .. 00 

<.0 Type 
Technique 

+1095 

6.F uu 

00+ Nearest <.0+ lst + 
Ne~ghbours 2nd 

Neighbours 

a Pople 
He "bhod 

-0055 

a) . Equivalent to <.0+ all neighbourso 

2210 



Since the Huckel method Coulomb integrals are inde pendent of the 

charge densities a , all the terms ~ Fare equal to zero. The Pople method 
"U uu 

values of ~ F for each inequivalent orbital are listed in Table II-III and uu 

were calculated by using the Huckel charge densities together with the appro-

priate repulsion integrals Yuw according to equation 19. The values of tha 

y integrals used were taken to be those listed for benzene (X = C) by 
uw • 

Pariser and Parr (8)0 The par~ters ~ Fuu values corresponding to the omega 

technique are also listed in Table II-III, and were calculated using 

y = 10053 eovo, the Pariseroand Parr value (8)Q uu 

The corrections ~ F calculated for the omega technique bear uu 

little resemblance in sign, magnitude or relative order to those calculated 

by Popleus methodo In general, the omega technique 6 F terms cannot be uu 

considered to lie between the Huckel and the Pople 6 F terms since they uu 

are all outside of this range 0 llie agreement between the omega technique and 

Pople ~ F is not substantially improved by adding only the nearest neighbour uu 

L(u, q) terms of equation 37 (Table II-III) nor only the nearest and second 
\{ 

nearest neighbour L(u,? a ) tonns to the omega technique ~ F terrns o The 
VI uu 

inclusion of nearesti neighbour, or first and second nearest neighbourl) tenns 

to the omega technique has been suggested in the li te rature as the WU and 0011 

From this analysis, i t may be collcluded that use of the omega 

technique "lill not result in charge distributions which are midway betwE3en 

those of the Huckel and Pople methods, but wIll yield distributions which are 

quite different from both of these procedureso 

The present discussion concerning the valid:i,ty of the omega technique 
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may he concluded with a quotation from a revlew paper byMo Jo So Dewar (6): 
"If one ia going to make allowance for the terma in Fii [FuuJ 
involving the charge densities qi [~J ' one might as well do 
the thing properly and use the full Pople expressiono" 
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II. 3. MOLECULAR ORBITAL CALCULATIONS FOR CONJUGATED MOLECULES CONTAINING 

BORON 

II~ 3. A~ INTRODUCTION 

The very large number of moleoular orbital oalculations for pi 

electron systems which are given in the chemical Uterature are mainly for 
aromatic hydrocarbons and their simple derivatives, since most of the known 
conjugated molecules are organic rather than inorganic. Recently, soma 
inorganic analogues of the common rings and chaine formad by carbon at~9 have 
been synthesized (27). Conjugated pi electron systems, extending over several 
inorganio atoms, msy be present in some of these molecules (27). 

The pi electron systems in those oompounds containing trivalent 
boron atoms are similar to aromatic hydrocarbons in some reapee'bs, sinee the 
atomsparticipating in the conjugated networks are coplanar, and cau use 
valence-ahell Pw atomic orbitala ror pi bonding. In many molecules, the 
unoccupied Prr orbi tals of bol' on atoms cau conjugate lvi th the P1T orbi tals of 
nitrogen, oxygen, fluorine, chlorine, etc. \·rhich are doubl;y-occupiedo These 
pi electron systems differ from those in organic aromatic molecules aince 
the Coulomb integrals of the differentPrr orbitals in the inorganic systems 
are generally qui te differen'b in magnitude, \vhereas the Coulomb integrals in 
the organic systems are qui te similar. 

Since Coulomb integrals for the Prr orbitals of many atems have been 
"derived" in Part IIo 2, simple molecular orbital treatments of many inorganic 
oonjugated systems can be madeo Such calculations are reported herein for pi 
electron systems formed by boron (B) atoma and atoms (X) "lhich have lone pairs 
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of electrons in their valence-shell P1r orbi tals" 

The model of the B-X pi electron systems considered has each boron 

atom contributing one P1T atome orbital and zero pi electrons to the conjugated 

network" and each "lone-pair" atonl" X, contributing one P7T orbital and two 

pi elec·l:.rons 0 l'he· sigme. eleëtron systems of these mole cules are assumed to 

he composed of non-polar B-X bonds" since several authors (28, 29) have shown 

that this assumption is superior to models which assume substantial polarities 

in the B-X sigma bonds. 

The molecules considered explicitly contain boron and nitrogen atoms 

(i.e. X=N) 0 Many of the B-N net",orks discussed have B-O" B-S, B-F, B-Cl, and 

B-Br analogueso The Coulomb integrals of these other lone-pair atoms are 

similar to that of nitrogen, and most of the results presented for B-N systems 

are directly applicable to these other systems" 

Molecular orbital calculations by the Huckel and/or Pariser-Parr­

Pople methods have been reported in .the li terature for the hest-knmm boron­

nitrogen conjugated system, borazine (28-36). LCAD-MO treatments for sorne 

aminoborane derivatives.\1 and for the boron-nitrogen analogues of n aph th ale ne 

and biphenyl.\1 have also been reported (29.937). Both the sigma and pi bonds 

in several B-N rings and chains have been treated by the Extended Huckel 

Method (38.\139).\1 and the boron trihalides have been treated by a similar 

method (40).. Several \.,rorkers have also done molecular orbital calculations 

on some aromatic organic molecules ",hich contain boron and ni trogen atoms 

(37'·-39.\141) 0 

In al1 'the LGAD-MO calculu'tions \-,hich have been reported for B-N 

pi systems, only a l'eH conjugated systems have been considered in each reporto 

In the present study,. an attempt i8 made to consider a large variety of B-N 
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systems by LCAo-MO methods with a consistent set of parameters, in order that 

direct comparisons between diffeI~nt B-N pi networks can be madeo 

In all the molecules to be considered, it is assumed, for simplicity, 

that a single, continuous pi electron network is presento For example9 atoms 

having two lone-pairs of electrons are assumed to use only one of these pairs 

for pi bondingo 

. 
o 
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IIo 30 Bo METHOD OF OALCULATION 

Both the simple Huckel method and the "omega technique" (see 
Part IIo 2) were used in the LCAo-MO calculations for all the B-N networks 
considered hereiuo The calculations were done by means of the computer 

2270 

programme des cri bed in Appendix IIo The main steps in the computer programme 
are as follows'. 

i) the "input data" for the molecule to be considered is read in to the 
computer, 

ii) 

iii) 

the matrix elements F for each pi atomc orbital are culcula"ted.l' uv 
the secular de te rmi nant. (equation 27) is solved for the eigenvalues 

and eigenvectors, 

iv) the eigenvalues (and corresponding eig€Jllvectors) are sorted in order 
of decreasing stability, 

v) the charge-density and bond-order matrix (equation 25) is calculated.l' 
vi) in omega technique calculationsp steps(ii) through (v) are iterated 
until a self-consistent field is producedp 

vii) the molecular orbital results for the molecule are printed outo 

The parameters required for these calculations are the Coulomb 
integrals for boron and ni trogen, the co values for these atoms, and the B=N.I' 
B-Bp and N-N resonance integralso The Coulomb integral parameters hB and hN 
(see equatioll 30) \.rere taken as those listed for B(Z == 0) and N(Z == 2) in u u 
Table II-l, and '·16re rounded off to t,.,ro significant figures (ioeo hB == -101.9 . 
hN == +105)0 The ru values for B and N were obtained by substituting hB and 
hN above into equation 710 The resonance integral para.meter kBN (see 
equation 31) for a B-N bond has been estimated previously (30,33j137,41.942) 
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to be in the range 

The value k
BN 

= 009 has been arbitrarily adopted in all the present 

calculationso The use of a slightly different kBN changes the absolute 

magnitudes of the molecular orbital parameters, but the TRENDS in bond order, 

charge, energy, etc. in different molecules are not affected greatlyo In a 

few of the networks considered, kBB and kNN are required" In order to 

facilitate compariscns with molecules containing B-N bonds, kBB und kNN 

were also taken as 0090 Non-zero resonance integrals were only used for 

"bonded" atoms in the Huckel and omega calculationso 

Pople method self-consistent field calculations were also performed 

for the pi systems of several of the smaller molecules in their ground stateso 

'l'he distance bett-leen bonded B and N atoms Has taken to be equal to that for 
o 

borazine, LM. A (36), in all cases, since struct,ural data for the other B-N 

systems is not yet availableo l'he B-N-B and ,N'-B-N bond angles Here assumed 

to be 1200
, except in the four-membered ring Hhere 900 bond angles were usedo 

All the conjugating B und N atoms were assumed to be coplanar o 

The Pople method calculations for the B-N netHorks were accomplished 

by using a slightly modified version of the "SeF-l" computer prograllnne devised 

by JoM. Sichel (43)0 This programme is sinular to that used for the Huckel 

and omega calculatioi.1S 0 l'he eval.uation of the F matrix elements is, however, 

more complicated in the Pople technique programme than in the Huckel-omega 

programme 0 

Several sinrilar sets of parameters and integrals for Pariser-Parr-

Pople caIcuIations on borazine have been given in the literature (28,29,36)0 



2290 

The mos'è recent set, that given by.Perkins and Wall (36) who considered 

several borazine derivatives as well as the parent moleoule, were used ~or 

the Pople calcula'tions reported herein.. Hence, the t'-lo-centre repulsion ~<l, 

integrals Yuv were oalculated by Ohnols ~or.mula (44): 

Yuv :: 14,,397 1/ 
(r2 + a2) 2 

o. ~ 
where r ia the distance in A between the atoms of orbitals ~u and 

,/" and 
'fv' 

a:: 28Q~_ fi 

Yuu + Yvv 

(76) 

(77) 

Perkins and Hall (36) give the ~o110\..ring values ~or the one-centre repu1sion 

integra1s Yuu and Yvv and ~or the core integrals Uuu and Uvv: 

y BB ... '3097 e 0 V 0 

YNN :: 11007 eovo 

UNN :: -23002 eovo 

The core integral HBN (equation 14) for nearest-neighbours B and N was ~ound 

to he -20198 eovo (36)0 All the Pople method calculations reported herein 

have been generated by use of the parameter set given aboveo No configlITation 

interaction ls included for the ground states of the moleculeso 

The indices of the LCAD-MO calculations reported are: 

i) the lJ.ru:!!:l o;rrlers Puv bet\·men "bonded" orbitalsp 

ii) the ne.t. Gha:r,:gell associated vlith the Pu atomic orbitals" 

iii) the cion;i,zatlou J1ot.ent.ial of the pi net'-lorkp "Jhich is taken to be 

'the energy o~ the highest occupied pi molecular orbital, 
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iv) the ~ EONPlNG ener~ defined as the total pi energy of the network 

minus the pi energy of the aeparated atomio orbitals (ioe. Err(~BN = 009) -

Err(~BN = 000)) (S:1.mple Huokel method only), 

v) the pi bonding ~nerU ~ gt,omig, orbital, in the network (Simple 

Huokel method only), and 

vi) the pi 'bonding energy ia aiso reported in terms of the "resonanoe 

energyo Il The res onanoe energy 1s defined as the pi bonding energy for 

the pi syatem minus the pi bonding energy of the oomponent B-N pairs if 

the latter were isolated from eaeh othero 

The boron and ni trogen atom framevlOrks of the oonjugated systems 

considered are given in Figure 11-3 for B-N chains, and in Figure 11-4, for 

B-N rings 0 The numbering systems used in these figures are ehosen for con-

venienee in reporting the LCAD-UO calculationsp and do not necessarily 

correspond to the numbering systems conventionally used for such moleculeso 

Sorne example~ of real mole cules c ontaining the pi networks gi ven in Figures 

11-3 and 11-4 are illustrated in Figure II-50 In all three figures p 11-39 

11-4p and 1I-5p all the B-N bonds are represented by single dashes, sinee 

full double B-N bonds are not present in these moleouleso 1he B-N chains are 

classified aecording to the longest, continuous pi netHork that can exist 

in the moleculeo For example p structure IX of Figure 11-3 is considered as 

a branched derivative of the four-membered N-B-B-N chain. 

l' 
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Figure II-]: 

BORON-NITI~OGEN CHAIN STRUCTURES 
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Figure 11-4: 

BORON-N1TROGEN IUNG STRUCTURES 
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Figure 11-5= 

SOME EXAMPLES OF SYNTHES1ZED MOLECULES H1TH B-X Pi ELECTRON SYSTEMS 
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110 30 C DISCUSSION AND RESULTS 

In the conjugated pi electron net",orks formed by B and N atoms p each 

boron atom contributes zero electrons to the network, and each nitrogen atom 

contributes two electronso Thua the total number of pi electrons is always an 

even number for Bueh systems 0 In carbon-carbon pi networks, each C atom 

usually contributes one electron, and the total number of electrons ia an even 

number only if there are an even number of carbon atoms presenta Since an even 

number of pi electrons is required to obtain a closed~shell grolmd-state con-

figuration, and since a closed shell ls uaually required for a stable system)) 

it is theoretica1ly posslble to obtain a greater variety of B-N pi systems 

than o-C pi systems 0 This factor 18 especla1.1y evident in B-N conjugated 

chains p ,,,here a closed she11 of pi electrons is obtained regardless of the 

chain lengtho In carbon-carbon straight chains, the conjugated system usually 

extends over only an even number of carbon atoms in the neutral moleculeso 

B-N CONJUGATED CRAINS 

The fundamental pl electron unit for.med by boron and nitrogen ls the 

t'w .... membered chain)) B-N, Hhich contains tHo pl electi'ons and ls in SOIllB respects 

similar to the tHo=electron carbon-carbon double bondo Since the Coulomb 

lntegral of nitrogen is greater than that of borong the pi e1ectron pair in 

B-N is not shared equally betl-J'een the t,,,o atomic orbitaIs, but ls mainly 

centered on nitrogeno The m01ecular orbital calculations on B-N indicate 

that only about 002 electron is transferred to the ini tially unoccupied boron 

pi orbital from the initially doubly-occupied nitrogen pi orbital (structure 1,9 



Tables II-VII~ II-VIII, II-IX)o Since the pielectrons are not shared equally 

in B-N, the B-N mobile bond order is only 005 to 0.6 (l, Tables II-IV, II-V, 

II-VI), wrdch is much less than that of 100 in ethylene. 

The pi bonding imparts addi tional energetic stabi.li ty above that of 

a single boron-nitrogen sigma bond in the B-N moleculeo The calculated Huckel 

pi bond energy for B-N of 0056 ~o (l, Table II-X) is, however, much less than 

that of 1080 po for a B-N bond in which the Coulomb integrals of the two atoms 

are equalo If the B and N unite in the B-N type of molecule are twisted such 

that the pi atomic orbitals are at an angle of 900 to each other, the B-N 

resonance integral goes to zero and the pi bonding energy is zeroo Thereforey 

a barrier to rotation about the B-N bond should existo This barrier has been 

studied by nuclear magnetic resonance experiments for some substituted 

-1 runinoboranes, RIR2N-BRJR4 p and has been found to be about 15 Kcal o mole 

(45)y which is approximate1y one-sixth of that estimated for the carbon-carbon 

double bond in ethy1ene (46)0 In m01ecules \dth carbon-carbon double bonds p 
J. 

the barrier to rotation is sUfficiently large So that cis and trans isamers in 

substituted alkenes can be phyEically separatedo Since the rotation barrier 

for B-N is much smaller tban that of a carbon-carbon double bond, the average 

lifetime of the cis and trans isomers is much smaller. For exampls, the mean 

lifetime of the isomers in (C6H5)(CH
J

) N-B (CH
J

)2 is only approximately 10-2 

seconds at lOOoC (45), wld individual isomers have not been isola"liedo 

The parent molecu1e H2BNH2 of the simple B-N pi systemp and the 

other B-X counterparts such as H2BSH 9 etc.,p are found to be dimera and 

polymers rather "tihan monomers (47,48)0 'l'he pi bonding energy in these molecules 

is evidentIy insufficient to stabilize the monomers o Several organo-substituted 

derivatives of the parent molecules p such as (CH
J

)2 BNH2 and (CHJ)2BN(CHJ)2Y 
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TABLE II-IV: Bond Orders (Huckel ;Method) for B-N Chains 

Molecule Pi Bond Orders for Orbital Pairs 

Number 1 - ;2 2 - 3 3 - 4 4 - 5 5 - 6 Others 

l 00569 

II 0495 

III 0495 

IV 0443 

V 0443 

VI 0510 oL~31 0510 

VII 0592 0101 

VIII 0592 0101 

IX 0502 0127 

X 0506 .M~3 

XI 0506 0443 

XII 0450 0405 

XIII 0507 0441 0456 0441 0507 

XIV 0507 0441 0454 

XV' 0507 .. 441 0454 
0441 (a) 

XVI 05CJ7 0441 0454 0451 0454 0507 (b) 

Notes: 

a) 6 - 7 Bond 

b) 7 - 8 Bond 
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TABLE II-V: Bond Orders (Ol!lega TechniQue) for B-N Chains 

Molecule Pi Bond Orders for Orbital Pairs 

Number 1-2 2-3 3-4 4-5 5 - 6 Others 

l 0 .. 515 

II 0456 

III .446 

IV 04J,3 
1 

V 0401 

VI 0458 0393 0468 

VII .. 528 0072 

VIII 0528 0072 

IX 0461 0097 

X 0455 .404 

XI 0466 0404 

XII 0420 0373 

XIII 0456 0402 0415 .. 402 0466 

XIV 0466 0402 0413 

m 0456 0402 ,,413 
0402 ~a) XVI .. 456 0402 0413 0411 0414 0466 b) 

Notes: 

a) 6 - 7 Bond 

b) 7 - 8 Bond 



Note: 

Bond Orders (Paple l1e.:.tb.rul) for Selected B-N Chains and Rings 

Molecule 

Number 

l 

II 

IV 

VI(a) 

XVIII 

XIX 

XXI 

XXII 

a) cis isomer 

Pi Bond Orders for Orbital Pairs 

1 - 2 2 - 3 3 - 4 

00666 

00567 

0 .. 499 

00603 00/+59 

OoMa Oo4l~3 

0,,542 00542 

00558 00411 00411 

00522 00481 00481 
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TABLE II-VII: :Pi Orbital Net Charges (Huckel Metb..rui) for B-N Chains 

Molecule 
Number 

l 

II 

III 

IV 

V 

VI 

VII 

VIII 

IX 

X 

XI 

XII 

XIII 

XIV 

YJJ 

YJJI 

Notes: 

a) 

b) 

Net Charges (in Electrons) for Atomic Orbitals 
1 2. 3 4 5 6 Others 

-.178 +0178 

+0143 ":'0286 

-0143 +0286 

+0120 ":'0360 

-0120 +0360 

-0151 +0264 -0264 +0151 

-0212 +0212 

+0212 -0212 

+0159 -0318 

-0149 +0269 -0240 

+0149 ':'0269 +0240 

+0123 '-0350 +,,207 

-0149 +0268 -0245 +0245 -0268 +0149 

+0149 ':'0268 ·to244 -0250 

-0149 +0268 -0244 +,,250 
-0268 (a) -0149 +0268 -0244 +0249 -0249 +0244 +0149 (b) 

Orbital 7 

Orbital 8 

2390 
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TABLE II-VIII~ Pi Orbital Net Charges (Omega TechniqUe.) for B-N Chains 

Molecule Net Charges (in Elec'érons) for Atomic Orbi tals 
Number 1 2 3 4 5 6 Others 

l -00143 +00143 

II +0118 -0235 

III -.112 +0224 

IV +0101 -0302 

V -0094 +0281 

VI -0118 +0209 -0214 +0123 

VII -0162 +0162 

VIII +0162 -0162 

IX +0128 -0256 

X -0116 +0212 -0191 

XI +0122 -0218 +0191 

XII +0103 -0291 +0168 

XIII -0117 +0211 -0195 +0195 --0217 +0122 

XIV +0122 -0217 +0194 -0199 

XV -0117 +0211 -0194 +0199 
-0217 (a) 

XVI -0117 +0211 -0J.94 +0198 -0198 +0194 +0122 (b) 

Notesg 

a) Orbital 7 

b) Orbital 8 
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TABLE II-IX: 

:N'otes: 

Molecule 
Number 

l 

II 

IV 

VI (a) 

XVln 

XIX 

XXI 

XXII 

Pi Orbital Net Charges (Egple ~Mhad) Eor Se1ected B-N 

Chains and Rings 

Net Charges (in Electrons) for Atomic Orbitals 
123 4 

-00254 +00254 

+00201 -0 0 403 

+00166 -004.0/7 

-00225 +00364 -00378 +00239 

-00267 '+00267 

-0.,397 +0030/7 

+00204 -00448 +00244 

+00185 -00515 +00330 

a) cis isomer 



TABLE II-X: Pl Bonding Energy Data (Huckel Methrui) for B-N Chains 

Molecule Total Pi Resonance Bonding Energy 
" Bonding Energy per Pl Atome 

Number Energy (in ~o) Orbital (in ~o) 

(in ~o) 

l 00562 00000 0028 

II 10039 00476 00.35 

III 10039 00476 0035 

IV 10460 00897 0037 

V 10460 00897 0037 

VI 10532 00408 0038 

VII 10212 . 00087 0 .. 30 

VIII 10212 00087 0030 

IX 20189 10064 0036 

X 2 0022 00897 0040 

XI 20022 0089'7 0040 

XII 20879 lu755 0041 

XIII 20512 008.26 0042 

XIV 30003 10316 0043 

x:J 30003 10316 0043 

x:JI 30493 1o~4 0044 
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are known to he monomeric (48). 

The Pi Networks BN and NB m m 

The pi electron system B-N can he ex:l;ended by the addition of B or N 

atoms 0 If ni trogen atoma are added to the central boron atom, the series BN, 

BN2, and BN) (II and IV of Figure II-) is producedo If boron atoms are added 

to the nitrogen atom in B-N, then the series NB, NB2, and NB) (III and V, 

Figure II-) results 0 The pi networks in these series correspond to the tlolO-

membered chain, the three-membered chain, and the three-membered chain with a 

branched chain of unit length at the central atomo For the purposes of the 

simple Hucleel and omega technique calculationsp the P1T orbitaIs of the atoms 

in these series BNm and NBm can be considered ta transform according to the 

rotation point groups C 0 The pi molecular orbitaIs in these molecules can be 
m 

discussed by reference to the irreducible representations of the poin"t groups 

Cm (49)0 For the set BNmP the boron P1T orbital and the group orbital ~ l 

= l ~ 
m i ~ Ni 

(78) 

transform according to the "A" irreducible representation of the point group 

Cmo The boron and the group pi orbitals can he combined (49) to form tlolO 

molecular orbitals of the type 

tA = c çb B + ~ f ~ Ni " 
m 

The energy levels for these molecular orbitals tA are given by 

E = ~+ aN. 
2 

( 
2 2 ) 1/2 

± ~ (aB - aN) + 4mPBN " 

(79) 

(80) 



( The stability of the bonding 1-10 increases wi'~h m for given Coulomb in'~egrals 

aB and aN and for a given resonancs integral ~BN0 The energy levels for the 

MOs 0/ A in the system NBm are gi ven by the sarne formulao 

For the BN
2 

and NB
2 networks, a second group orbital rjJ 2)) corres­

ponding to the "B" lrreducible representation of the group C2, can be made: 

if; 2 ::: ..l... ( ~ N - cp N ) for 002 (81) 2 l 2 

9>2::: .J....()DB - S"6 B ) 
2 l 2 

for NB2 • (82) 

The group orbital ri> 2 cannot ndx wi th the P'/T orbital of the central atom, 
since the two orbitals belong to different irreducible representationso The 

group orbital ç6 2 l'epresents a non-bonding MO wi th energy aN for BN2 and 

energy aB for NB2 0 

For the BN.3 and NB.3 systems, two group orbi tals, ~ 2 and ç6.3' can 
be formed corresponding to the liE" representation of the point group C.3 (49) 0 

These group orbitals cannot mix with the Pn' orbital of the central atom, and 
therefore cP 2 and CP.3 represent a degenerate pair of non-bonding molecular 

orbitaIs with E::: aN for BN.3' and E::: aB for NB.30 

The results of the molecular orbital calculations for BN
2 and NB

2 are 
reported in Tables II-IV to II-X as items II and IIIo Since these two networlcs 
are related by a complete interchange of atoms, the Huclcel method calculations 
for II and III are identicalo The bond orders PBN, wld the tenninal atom net 

charges, in II and III are less than those in B-N, \..,hereas the net charge of 
the central atom is highero 

Both the Huckel total pi bonding energy and the energy pel' atom for 

II and III are greater than that in B-N (1004 ~o versus 0056 ~o, and 00.35 ~o 
versus 0028~O)u The pi system of a three-membered BN chain then imparts 



substantially greater stability to the molecule than the pi system in the 

two-membered chain.. Indeed, the N-B-N chains (and generally the X-B-X systems) 

appear to he more c01DIllon and stable than the B-N counterparts Ct For examplej/ no 

well-defined, monomeric monœlkoxyboranes ROBH2 have baen reported, but 

dialkoxyboranes, (RO)2BH are conunOll and are monomeric (50). Some monomeric 

compounds with the N-B-N linkage have also been synthesized, such as 

(RRUN)2ERII where R and Ri are alkyl groups, and Rtl ls either an alkyl group 

or hydrogen (48)0 The three-membered chain with terminal boron atoms is 

present in such molecules as (n-Bu)2BOB(n-Bu)2 (51) and the molecule labelled 

IlIa ln Figure 11-5 (52)0 

The pl bonding energy calculated by the Huckel method for BN) and NB))) 

1046 ~o)) represents an increase of 0042 ~o over that for BN2 and NB2 (Table 

II-X) 0 The pi bondlng energy per atom1c orbital is also increased)) from 

00)46 ~o to 0.,)65 ~o 0 The B-N bond orders for BN) and NB) are slightly lower 

than those for BN2 and NB2 (TablœII-IV, II-V, II-VI)., The net charge of the 

central atomic orbital in BN) and NB) is ·~he highest found for any of the B-N 

systems considered (Structures IV and V, Tables II-VII)) II-VIII, II-IX)o 

Since the pi bonding energy in BN) is relatively large, molecules 

containing the EX) grouping should be rather stableo Indeed)) all four boron 

trihalides - BFJ.? BC1).9 BBr), and BI) - are stable.? monomeric compounds in 

\olhich the four atoms a.re coplanar (5)) 0 Boron also for:ms a series of mono-

meric trialkoxyboranes, (RO))B, in \olhich the B atom and the three 0 atoms are 

coplanar (5'~)o \.Jell-characterized nitrogen and sulphur derivatives, (RRiN))B 

and (RS)JB, are knmm and are usually monomeric (47,48)0 Even the parent 

molecule B(NH2)J is kno\om (11-8) 0 



BN qhains with Four Atoms 

The oonjugated systems B-N-B-N and e=o-e=C are similar in soma 

respects. In both "BN butadiene" and "CC butadienel'" the pi bonding between 

the central orbi tals is not as strong as that between the terminal orbital 

pairs, sinee the bond orders P23 are smaller than P12 and P34 (Structure VI, 

Tables II-IV, II-V, II-VI). The alternation of bond orders in BN butadiene 

(0051, 0.43, and 0.51 for P12, P23, and P
34 

by the Huckel mathod) is not nearly 

as pronounced as that in CC butadiene (0.89, 0.45, and 0089 by the Huckel 

method). The 36% increase in pi bonding energy in B-N-B-N relative to two 

B-N units (Table II-X), is significantly greater than the 12% increase for 

C=D-C=C rela'~ive to t'VIO e=c units (24) 0 All three molecular orbital methods 

predict that the net charges of the pyA0s of central atoms in B-N-B-N are 

greater than those for the P1T AOs of the terminal atoms (VI, Tables II-VII~ 

II-VIII, II-IX)o The net charges in e=D-C=C are all zero (2,24)0 

Although the conjugated B-N-B-N system is predicted to be stabilized 

relative to tl-IO B-N uni.ta, felv molecules with the B-X-B-X network have been 

synthesized.. One knO\-Tn example is VIa of Figure 11-5 (52), in which the term.1nal 

Band N atoms are bonded to the benzene ringo 

'.I\m B-N units could also combine by B-B or N-N bonding to give the 

chains N-B-B-N and B-N-N-Bo Some examples of both types are known; for exampJe, 

(CH3)2NB(R)B(R)N(CH3)2 where R is an alkyl group (55), and H2BN(H)N(H)BH2 (56)0 

There are many more compounds knm-Tn of the type X2BBX2, which can be considered 

as tlvo BX2 units joined by a B-B bond to yield a branched chain of length four 

atomso For example, the diboron tetrahalides B2F4, B2C1
4

, B2Br
4

, and B214' as 

well as molecules of the type B2 (NR2)4 and B2 (OR)4' have all been synthesized, 
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and all contain B-B bonds (55). 

Molecula!' orbital calculations for the units B-~ï-N-»B, N-B-B-N, and 

N2B-BN2 are reported as structures VII, VIII and IX in the tables. The B-B 

and N-N bond orders are very small in these mole cules (VII, VIII, and IX in 

Tables II-IV and II-V). Since these bond orders are small, the pi bonding 

energy increase of the uni ts relative to separat,ed BN or BN2 uni ts is very 

small (Table II-X). For example, the pi bonding energy increases by only 5% 

when two BN2 units are joined ~y a B-B bond. 

Since the pi bonding energy increase is small, the barrier to 

rotation due to pi bonding around the B-B and N-N bonds should be smallo 

Solid-state X-ray measurements on crystalline B2F
4 

and B2 Cl
4 

have indicated 

that the BX2 units in these moleeules a.re eoplanar (57,58,59)0 In the gaseous 

phase, however, the tHo BC12 groups in B2 C14 are perpendieular to each other 

(60). Infrared and Raman spectroscopie studies of gaseous and liquid B2C14, 

and of liquid B2 (N(CH
3

)2)4 indieated that the BX
2 

units are not coplanar 

(60,61,62), whereas the spectra of B2 (OCH
3

)4 is consistent with a planar 

arrangement of the B, 0, and C atoms (62). These contradictory results are 

not surprislng in the light of the molecular orbital ealculations for N-B-B-N 

and N2B-BN2, sinee the eonjugation between the tuo BN or BN
2 

units is very 

weak, and \·r.l.ll probably be of miner importance compared to steric effects.ll 

crystal packing requirements, etc. in determing the molecular geometryo 

Brotherton (55) has noted thatthe higher B-O bond force constant in 

B2 (OCH3) 4' compared to that in B(OCH3 )3 ' indicates a greater douhle bond 

charanter for the &-0 bond in the former molecule, compared to the lattero 

The LCAD-MO calculations are in agreement Hith this observation, sinee the B-N 

bond order in N2B-BN2 is greater than that in BN
3 

(IX and IV, Tables II-IV and 

II-V) 0 



Longer B-N Chains 

The Huckel method energy levels, E., of unbranched chains of any 
J 

length which have alternating B and N atoms can he found by the formula of 

Bochvar et alo (63): 

Ej = aB + aN 
2 

, 
:!: t t B - ŒN)2 + 16 ~iix 00.

2 (;:~ J-;;: (83) 

where m is the chain length, and j = l, 2, • • 0 0 Fer chalns having an odd 

number of Prr atomic or~tals, there are two possible molecules--that with 

terminal boron atoms and that lvi th terminal ni trogen atolIBo The Huckel method 

charges, bond orders, and pi bonding energies for the ·tlvo possibilities are 

identical., 

Soma examples of the chain of length five are knolmo For example, 

the mole cule number XIa of Figure 11-5 (64) can be considered to include the 

N-B-o-B-N conjugated network joined at each end to a benzene ringo The 

branched chain X2B-X-BX2 is more common, however, and 'many molecules of the 

type illustrated in Figure 11-5 (Structure XIla) have been prepared (65)0 The 

Huckel pi bonding energy per Prr atomic orbital of Oo404~o and Oo4ll~o for 

these branched and unbranched chains respectively are significantly greater 

than those calcu1.ated for the BN, BN2 and BN] units (Table _II-X) 0 lbe branched 

and unbranched chalns should be qui te 13table ln th respect to their BN, BN2, 

and BN] components o 

. The molecular orbital calculations reported in Tables II-IV, II-V, 

II-VII, II-VIII, and II-X for the unbranched chain of length rive atoms, and 

for the longer unbranched chains, can be summarized as follm'ls: 

i) eRch boron pi orbital carries a net negative charge, the result of 



charge transfer from the nitrogen Prr orbitalso The net charges of ths 

Prr orbitals of the terminal Band N atonœ in each chain are less than 
\ 

the net charges of the other (internal) Prr atomic orbitals, 

ii) the B-N bond orders in the boron-nitrogen chains dis play the sarna 

type of alternation as that established for conjugated carbon-carbon 

chains" but to a 1esser degree" and 

iii) the total pi bonding energy of the B-N chains increases smoothly 

with chain lengtho lbe pi bonding energy par Prr atomic orbital also 

increases with chain lengthp although the increases become smaller as 

the chain is lengthenedo 
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B-N CONJUGATED RINGS 

The B-N units can be joined together to form conjugated rings as 

well as chainso Until recently, only the six-rnembered rings were known in 

boron chemistryo Intensive research in the past decade, however, has resulted 

in the sy7.lthesis of many more B-X ring systems 0 

Both experirnental evidence and molecular orbital calculations have 

indicated that pl anar, monocyclic ring systems, composed of trivalent carbon 

atoms, are especially stabilized by pi bonding when the number of pi electrons 

present equals 4n + 2, ",here n is an integer (66)0 'lhe extra stabiHty of 

these systems is due to the complete filling of the bonding pi electron energy 

levels by thA 4n + 2 electronsj) Hi th the result that the pi bonding energy is 

a maximum for the systemo 

Craig (31) has shmm that the "4n + 2" rule is also applicable to 

sorne extent for monocyclic, planar rings "ùth alternating atoms X and Y whose 

p orbitals can forro a pi electron systemo He showed that the extra stability 
TT 

of such systems Hith 4n + 2 pi electrons, relative to those ,,,ith 4n pi electrons,9 

decreases as the difference in Coulomb integrals between X and Y increases (31)0 

In the rings disclmsed herein, the Coulomb integral difference betHeen the PTT 

orbitals is quite large,!) and the "4n + 211 rule is not as important for such 

systems as HI is ,vith carbon-carbon networkso 
1 

'lhe Iilon0cyclic ring systems (BX) , containing alternating B 'and X 
m 

atoms, can be considered by the Huckel lnethod by use of the Cm point group 

synllIl6try of the mole cules 0 llie Huckel method energy levels are more easily 

obtained by the formula of Davies (67) for such systems: 

1 • • -
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~~ ( l + cos (~)) ] 1/2 

where t = 0, il, 0 0 0 ±qo Here q = ~2 for even n, and (n-l)/2 for odd n~ 
where n is the number of p orbi tals in the ring 0 The total Huckel pi Tf 

electron bonding energies for the (BN)2' (BN)3' and (BN)4 rings (ioeo 
structures XV111~ XIX~ and XX of Figure ,11-4) are listed in Table 11-XVo 

Monocyclic Rings 

The pi bonding energy increase in (BN)2' relative to that for t"lo 
B-N units, is Oo72~0, corresponding to a 64% increase due to ring formationo 
The Huckel method predicts a zero pi energy increase when two carbon-carbon 
double bonds are joined to form cyclobutadiene (66) 0 The Huckel pi energy 
levels for (BN)2 and cyclobutadiene ar8 illustrated in Figure 11-60 In the 
carbon-carbon system,SJ the energy levels for ethylene are split by equal and 
opposite amolmts in cyclobutadiene, resulting in non-degenerate levels of • 

o AO energy E = a + 2~ and E = a O 
- 2~0 " and a pair of degenerate, non-

bonding levals of energy E = aOo The net increase in pi bonding energy is 
therefore zero,SJ and cyclobutadiene should exist as a diradical o The bonding 
level for B-N,SJ E = aO + lo78l~o, and the anti-bonding level E = aO - lo38l~0, 
are changed in (BN)2 to give four non-degenerate pi energy levelso Since 
the extra stabilization of the first bonding level is greater than the 
desta,bilization of the other bonding level, the total pi bonding energy is 
increasedo Since the (BN)2 levels are not degenerate, the molecule should not 
be a diradicalo 

In both the carbon-carbon and boron-nitrogen 10ur-membered rings, 

" 
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TABLE II-XI ~ Bond Orders (HucW k!ethod) for B-N Rings 

Molecule Pi Bond Orders for Orbital Pairs 

Nwnber 1 - 2 2 - 3 3 - 4 4 - 5 5 - 6 Others 

XVII 00000 00569 00000 

XVIII 0405 0405 

XIX 0460 0460 

XX 0450 0450 

XXI 0472 0376 0376 

XXII 0455 0415 0415 

XXIII 0458 u410 0410 
0465 (a) 

XXIV 0458 0465 0425 0370 0425 0458 (b) 

XXV 0461 0458 0469 ,,116 

XXVI 0461 0458 0469 0116 

XXVII 0458 0466 0418 0415 

XXVIII 0458 0466 0418 0415 

XXIX 0465 .455 0465 0421 0389 0421 (c) 

XXX 046,3 0419 0395 

XXXI 0463 0419 0395 

Notes: 

a) 6 - 7 Bond 

b) 7 - 8 Bond 

c) 1 - 6 Bond 



TABLE II-XII: Bond Orders (Omega ,Trumniq]J,R) for B-N Rings 

Molecule 

Number 

Pi Bond Orders for Orbital Pairs 

1 - 2 2 -3 3-4 4-5 5 - 6 Others 

XVII 00000 00515 0.000 

XVIII .380 .380 

XIX 0416 0416 

XX 0411 0411 

XXI 0436 0353 0353 

XXII oA26 0)80 0380 

XXIII 0427 0377 0377 
0421 (a) 

XXIV 0414 0420 0383 0342 03 f?rl 0414 (b) 

XXV 0416 0413 0422 0082 

XXVI 0416 0414 0421 0082 

XXVII 0414 0422 0381 0383 

XXVIII 0414 0421 0377 0378 

XXIX 0420 0412 0421 0385 0352 0381 (c) 

XXX 0419 0384 0358 

XXI 0419 0380 0358 

Notes: 

a) 6 ~ '7 Bond 

b) '7 - 8 Bond 

c) 1 - 6 Bond 
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TABLE II-XIII: Pi Orbital Net Charges (~) for B-N Rings 

~l 

Molecule Net Charges (in Electrons) for Atomic Orbi'tisls 

Number 1 2 3 4 5 6 Others 

XVII -0178 -0178 +0178 +0178 

XVIII -0207 +0207 

XIX -0257 +0257 

XX -0246 +0246 

XXI +0135 -0318 +0183 

XXII +0126 -0343 +0217 

XXIII +0127 -0339 +0211 
-0258 (a) 

XXIV -0255 +0258 -0245 +0.316 -0316 . +0245 +0255 (b) 

XXV +0259 -0257 +0271 -0288 
',\ 

XXVI -0259 +0257 -0271 +0288 

XXVII +0254 -0259 +0241 -0328 +0217 

XXVIII -0254 +0259 -0241 +0328 -0217 

XXIX -0242 +0257 -0257 +0242 -0.321 +0321 
, 

XXX ~0259 +0240 -0322 +0.304 

XXXI +0259 -,,240 +0.322 -0304 

Notes: 

a) Orbital 7 

b) Orbital 8 
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TABLE II-XIV: Pi Orbital Net Chargee (.omega. TechDJ...Q.ue) for B-N Rings 

Molecule Net Charges (in Electrons) for Atomic OrbitaIs 
Number 1 2 3 '4 5 6 

XVII -.143 -.143 +0143 +.143 

XVIII -.175 +.175 

XIX -.201 +0201 

XX -.197 +.197 

XXI +.110 '-?265 +.154 

XXII +.106 -0280 +.174 

XXIII +0106 -0278 +0172 
-.203 (a) 

XXIV -.200 +0202 -0190 +0247 -.251 +0192 +0200 (b) 

XXV +0202 -0200 +0209 -.220 

XXVI -.202 +0200 -0209 +0219 

XXVII +0200 -0203 +.191 -0263 +.176 

XXVIII -.199 +.202 -.188 +0256 -.171 

XXIX -.189 +.202 -0202 +.192 -.254 +0249 

XXX -,,204 +0190 -.255 +0236 

XXI +.203 -.188 +,,250 -.235 

Notes: 

a) Orbital 7 

b) Orbital 8 

" 
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TABLE II-XV: Pi Bonding Energy Data (UYcke1 Method) for B-N Rings 

Molecule Total .Pi Resonance Bonding Energy 
Bonding Energy per Pi Atomic Number Energy 

Orbi'bal (in ~o) 
(in ~o) (in ~o) 

XVII 10125 00000 0028 

XVIII 10841 00716 0046 

XIX 20965 10278 0049 
XX 30918 10669 0049 
XXI 20754 10629 0046 

XXII 40269 30144 0047 
XXIII 50673 30424 0047 
XXIV 60276 20902 0052 

XXV 60033 20659 0050 
XXVI 60033 20659 0050 
XXVII 60758 30384 0052 

XXVIII 60758 30384 0052 

XXIX 50289 2047'7 0053 
XXX 70125 30753 0055 
XXI 70125 30753 0055 
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Note~ 

Figu.re II-6; 

Pi ELECTRON ENERG'Y J.:.EVELS (HUCIŒL NETHOD) FOR 

"CC" AND "EN" CYCLOBUTADIENE 

a represents ia olated G=C" 

b represents "CC" Cyc lobutadie ne " 

c represents "BN" Cyclobutadiene 0 

d represents isolat-ed B-N 0 
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the sigma' electron structure of the mole cules is destabilized by the strain 

associated with 90 0 (rather than 1200
) bond angles within the ringo As a 

result,ll such four-membered ring systems are difficult to synthesizeo Soma 

derivatives of the (EN)2 and (00:)2 rings have been preparedp a discussion of 
these derivatives will he given latero Molecular orbital calculations for the 
foul-membered ring in which the 'two B-N uni ts are j oined by B-B and N-N bonds 

are also listed in Tables II-XI to II-XV (structure XVII)o According to the 

Huckel method results, there is no pi bonding energy increase when two B-N 

lmits are joined in this mannero 

Conjugated six-membered rings are common in both carbon and boron 

chemistryo The best knovlU (EX») ring is borazine (Figure 11-5,11 structure XIXa) 0 

The borazine ring is completely planar,ll the N-B-N and B-N-B bond angles are 

close to 1200
, and all the B-N bonds have equal length (48)0 An extensive set 

of borazine derivatives are known (48)0 The conjugated si~membered ring 

systems (DO») and (ES») are also knmm, although the parent compounds boroxine 

(B)H)O)) and borthiin (B)H)~) have not yet been isolated (47,68)0 

The Huckel calculations .for (EN)) listed in Table II-XV indicate 

that this pi system is 1028~0.'> or 75%, more stable than three isolated B-N 

unitso In comparison, the Huckel pi energy increases by only))% in going from 
three carbon~carbon double bonds to benzene (24)0 The pi energy levels for 

(EN») are similar to thos'e in benzene ll since two doubly-degenerate pairs of 

MOs are obtained, and both t.he highest unoccupied orbital and the 10vlest 
unoccupied orbital are non-degenerateo 

Eight~membered conjugated rings are rare in baron chemistryo Some 

de ri vati vas of (EN) 4 have been synthesized recentlYl1 however (69/10) 0 The 

Huclcel calculations for (BN) 4 (XX,9 Table XN) predict a pi bonding energy 



c: 
increase of l067~o for the ring relative to four isolated B-N unitso This 
pi energy increase of 74% over a non-conjugated (BN)4 ring is evidently 
insufficient to overcome the steric and strain effects associated with a 
planar eight-membered ringp since the (BN)4 derivatives which have been 
synthesized have been found to be non-pl anar (70)0 
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The trends in bond orders and net Prr orbital charges for the series 
BNp (BN)2 P (BN)3 P and (BN)4 ,Can be summarized as follows: 

B-N Bond Ordersg 

Net Charges on Band Ng 

(BN)3 ') (BN) 4 '> (BN)2) BN 8 

, 
The saroe trends are given by aIl t,hree calculation methods usedit (Tables II·~VI9 

Rings Hi th Exocyclic Substi'liuents 

A number of derivatives of the (BX) ring systems have been prepared m 
in which atoms having lone-pairs of electrons are substituted at each boron 
atemo Molecular orbital calculations are reported herein for the prototypes 
of such systems 0 The particular molecules considered are the (BN)2.Q (BN)3' 
and (BN) 4 monocyclic rings in Hhich an exocyclic ni trogen atem is bonded to 
each boron atom in the ringo These systems ~Jill be termed (NBN)2' (NBN)y 
and (NBN) 1~ respecti velY9 and are illustrated 8.S structures XXIj) XXII, and 
XXIII of liïgure II~,4o 

~Pople method calculations Here not done for (BN)40 
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lbe B-N bond orders for these systems are listed in Tables II-VI~ 
II-XI» and II-Xllo In each case, the WCQcyclic B-N bond order is greata.t, 
than the bond orders wi thin the ring 0 The difference between the tl..ro t~a 
of bond orders ia greatest for the four-membered ring, the differences being 
00097, 00081, and 00147~ by the Huckel~ omega, and Pople methods respectivelyp 
and the difference ia least for the six-membered rings, the differences being 
00040, Oo046~ and 00041 respectivelyo Since the exocyclic bond orders in 
(NBN) are greater than those within the ring, and since the latter are lower m 

than those for the unsubstituted rings (BN) , the pi bonding H1thin all the m 
(BN) rings ls appreciab1y decreased by the presence of "l.one-pair" atoms at m 

each boron atamo 

According to the Huckel method calculationsp the total pi bOllding 
energy is greatly increased Vlhen exocyclic ni trogen atoms are substi tuted at 
each boron atomo The lncrease in pi bonding energy of (BN),2' (BN)y and (BN) 4 
l"hen (NBN),2' (NBN)3' and (NBN)4 are formed is 0092~0, 1030~0, and lo76~0 
respectively (Table II-XV)o All these increases are sllghtly larger than the 
"resonMce" energies of the unsubstituted ringso 

TVlo compounds of the (BX),2 ring type have been synthesized, but since 
exocyclic substituents Vlith lone pairs of electrons are present at the boron 
atoms in both of these compounds~ these rings should be considered to he of 
the (XBX),2 typeo Lappert and MajUllidar (71) have reported the preparation of 
the (NBN),2 derivative .illustrated as structure XXIa of Figure II-50 The 
infrared spectrum of this compound \VE1S interpreted in terms of cis and trans 
isomers of the mole cule (71)0 The existence of cis and trans isomers 
indicates restricted rotation about the exocyclic B-N bonds (71)0 On the 
baais of the evidence for restricted rotation, Lappert and Majumdar concluded 
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that the pi bonding within the molecule is mainlyexocyol1c (71)0 This 

conclusion is in agreement with the molecular orbital calculations discussed 

above for (NBN) 20 The second (XEX)2 system ,.,rhich has been prepared is the 

(SBS)2 derivative illustrated as structure XXIb of Figure II-50 This compound 

was prepared by Wiberg and sturm (72)0 Apparently no molecules with the 

unsubstituted (EX)2 pi system have been prepared to dateo 

Both the (EX») and (XBX») pi systems are well known in boron chemistryo 

A large number of derivatives of borazine1 B)H)N)H)1 have been preparedo In 

many of these derivatives51 the substituent groups at boron are "lone-pair" 

atoInS such as nitrogen (48.?7)0 Derivatives of the boro::ldne.? (BO»).? and the 

borthiin,il (BS»)51 rings are also ,.,rell known,i) and many of these derivatives have 

exocyclic 1l10ne-pair" atoms bonded to the boron atolJJs (74175,il 76) 0 

Turner and t-larne (69.? 70) have prepared several compounds ,.,rhich con-' 

tain the eight-membered (BN)4 ringo All of these campounds have either halogen 

atoms (01, Br) or pseudohalogen groups (such as -NOS) attached to the boron 

atoms in 'the ring (70)0 The structure of the ring system in one (01BN)4 

derivative has been studied (70)0 The (BN)4 ring is tub-shaped rather than 

planar,? and the B=N bonds alternate in length around the ring (70) 0 The 

structure of the (GIBN) 4 de ri vati ve indicates that the con.iugated networks 

in (XBX)4 molecules are best considered to he composed of four XBX units,IJ ,>Jith 

only very weak conjugation between separate XBX unitso A1though the Hueke1 

pi bonding energy of 5067~o for (NBN)4 is appreciably greater than that of 

4016~0 for four NBN units,9 the pi energy differenee ls 13v1dently insufficient 

to overco:rn.e the sterie and s'train effects associated 'L-rith a planaI' eight-

membered ringo 
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Fused Ring Systems 

In organic chemistrY9 a large nwnber of conjugated systems are 

known which can be considered to be the result of a fusion bett.,reen two or 

more benzene ringso SBveral examples of molecules containi~ fused borazine 
. . 

rings have also been prepared, and molecular orbital calculations on systems 

of this type are reported as structures XlIV to XXXI in Tables II-XI to II-XVo 

The simplest examples of this type of B-N conjugated system a.re the" boron­

nitrogen analogues of biphenyl,? with two'borazine molecules joined bya B-N" 

a B-B, or an N-N bond (Structures XXIV,? XXV, and XXVI of Figure II-?)o The 

first two members of the series,ll to be denoted BN - biphenyl (B-N) and BN -

biphenyl (B-B), have been prepared (77.978,79)0 Higher polymerie unite of 

borl3.zine rings joined by B-N bonds are also known (77)0 The mobile bond order 

of the B-N linkage j oining the two borazine rings in BN - biphenyl (B-N) is ( 

smaller than those Hithin the rings (Tables II-XI and II-XII)9 and the increas6 

in pi bonding energy Hhen the tHo borazine rings are joined in this manner i.s 

OoJ5p°.9 which corresponds to a 6% gain in pi bond energy (Table II-XV)o The 

B-B and N=N bond orders in BN - biphenyl (B-B) and BN - biphenyl (N-'N) are 

very small,ll 0012 :in the Hucll:el approximation)/ and the gain in pi bond energy 

is only about 2% of that for tt.,ro isolated borazine rings 0 Since the percentage 

increase in pi bond energy in biphenyl relative to tHo benzene ring is of 

about the sarna magnitude as in the boron-nitrogen rings.\> and since this 

increase in pi energy in t,he case of biphenyl is insuffiaient to overeome 

sterie effects betHeen the rings sinee the tt.,ro benzene rings are not coplanar 

(66).9 the two borazine. rings in the BN - biphenyl molecules are probably not 

coplanaro 



Molecular orbital calculations are also reported in the tables for 
molecules in which two borazine rings are bonded toge'ther by means of an 
intermedia'be (exocyclic) ni trogen or boron a'bom (Structures XXVII and XVIII 
of Figure 11-4)0 The pi bond energy increase for sllch systems relative to 
that of two isolated borazine rings is Oo83~0, which is greater than the 
corresponding increase (Oo35~0) when the two r,ings are j oined wi th out the 
intermediate atomo Sorne mole cules are known in which the pi electron structure 
XXVII could he presento For example~ Wagner and Bradford (77) have srnthesized 
the compound illustrated as structure XXVlla in Figure II-50 Higher poly.mers 
of this system~ in which substituted borazine rings are joined together by 
intermediate oxygen a.tOIDS$) are also Icnown (77) 0 

The boron-nitrogen analogue of naphthalene (structure XXIX of 
Figure II-IV) has also been prepared (78~80)o The resonance energy for 
BN - naphthalene Jl 2048f3°jl is almost double that found for a single borazine 
ring (Table II-XV) 0 The mobile bond orders for BN - naphthalene are not all 
identicalJl but the miner varia"t1ons found within the ring parallel the 
corresponding trend of bond orders i.n naphthllleneo In particular.'l the bond 
common to both rings is the '1'eakes'b link in the mole cule in both naphthalene (24) 
and its boron-nitrogen analogue (XXIX,9 Tables II-XI and II-XII)o 

Theoretically~ it is possible to have a boron-nitrogen ring 
structure in which an N-B-N or B-N-B unit ls j oined to BN - naphthalene 
to create a sy.mmetrlc~ conjugated system containing three rings (structures 
:xxx and XXXI of Figure II~4) 0 The Huckel lIlBthod pi bonding energy for both 
such structures ls 7013~°.'l ,,,hich corresponds to an increase of Oo80~o over the 
t"IO component systems mentioned above (Table II-XV) 0 Although molecules of 
this type have not as yet been prepared,9 the Huckel calculations on these 



networh:s and on BN - naphthalene show that there is a substantial increase in 
conjuga'tion energy associated wi th j oining small boron-ni trogen pi electron 
networks toge'ther to give polymers in which a large number of six-membered 
rings are presento The upper limit to such conjugation is found in the well­
Imown "graphite" form of boron nitride (53) 0 



IONIZATION POTENTIALS 

According to Koopmanos theorem, the ionization potential of a 

molecule is approximately given by the energy of the highest occupied molecular 

orbital (1)0 If it is assumed that the highest occupied molecular orbital in 

the B-X systems is an orbital of pi character, then the double-occupied energy 

level of least bonding character calculated by the Huckel, omega~ and Pople 

schemes given an indication of the ionization potential expected for esch 

B-X systemo The energies of the highest occupied orbital in the B-N chains 

and rings illustrated in figures II-) and 11-4 are given in Table II-XVIo The 

energy levels are reported relative to the Coulomb integrals for a doubly­

occupied, non-bonded ni trogen P1T orbital (except for the Pople resul ts) 0 

In aIl the pi net\·lOrks in "/hich there are more ni trogen atoms than 

boron atoIUS.II the highest occupied molecular orbital is non-bonding according 

to the Huckel IP..ethod)) -wi th an energy equal to the Coulomb integral of ni trogeno 

AIl the Huckel method ionization potentials for suah systems are reported as 

zero in Table ll·-XVI, and the corresponding ioniza-tion potentials for these 

netvrorks predicted by the omega and Pople methods are approximately Oo2~o to 

Oo4~°.ll and 1107 - 12.4 eaVo respectivelyo The predicted ionization potent.ials 

of systems vrith an equal number of boron and nitrogen atoIDS.II or vrith an excess 

of boron atoms, are aIl equal to)) or larger than)) the values aboveo In 

general.\> there is reasonably good agreement bet\.J'een the trend of ionization 

potentials predicted by the three molecular orbital methodso 

The i.onization potentinl of the unsubsti tuted borazine molecule has 

been found experimentally to be 100) ± 002 eovo (81). This value is about 

)01 e.vo less than that predicted by the Pople methodo 



( 1ABLEl II .... XVI : Êûsrgy df liighest Oooupied Pi Màleoular Orbital in B-N 

Chsins âIld Rings 

Moleoule lllnergya of the liighest Oooupied Moleoular Orbital 
Number liuckel Omega l'ople Method 

rife'bhod 1echnique (ine.v.) 
(in ~O) (in ~O) 

l 0 .. 281 0 • .531 13.37 

II 0.000 0.232 12.00 

III 0.519 0.894 

IV 0.000 0.199 11076 

V 0.730 1..184 

VI Ool~. 0.381 12.73 (b) 

. VII -0.512 -0.254 

VIII 0.218 0.515 

IX 0.000 0.253 

X 0.281 0.660 

XI 0.000 0~282 

XII 0.000 0.204 

XIII 0.060 0.349 

XIV 0.000 0.303 

m 0.171 0.550 

ml 0.037 0.340 

mIl ·~0.619 -c .369 

mIII 0.000 0.345 12035 

266. 



TABLE II-XVI continued 

Notes: 

Molecule 
a Energy of the H~ghest Oàcupied Molecular Orbital 

Numœr Huckel Omega Pople Method 
Method Technique (in e oVo) 

(in ~o) (in ~o) 

XIX 00281 00635 13043 

XX 00000 00389 

XXI 00000 0 .. 235 Il .. 65 

XXII 00000 0.,234 Il .. 73 

XXIII 00000 00234 

XXIV 00146 00531 

XXV 00235 00607 

XXVI -00358 -OoOlA· 

XXVII 00000 00368 

XXVIII 00281 00639 

XXIX OollJ~ 00479 

XXX 00000 00376 

XXXI 00281 00655 

u) Huckel and omega method ionization patentials are reparted relative 

ta the Coulomb integral of "neu1;ralll nitrogen.9 aa + la5 ~oo Posi-

tive ionization po"tentials listed represent orbitaIs more stable 

than this value 0 

b) cis isomer 
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CONCLUSI ONS 

The molecular orbital calculations for boron-nitrogen chains and 
rings discusaed above, together with the experimsntal properties cited·for these 
systems, have indicated that many of the known characteristics of organic 
molecules ,dth carbon-carbon double bonds are present in conjugated B-X 
systems. In some instances, these characteristics are displayed to a lesser 
extent in the inorganic systems as compared to the organico For example, the 
alternation of bond lengths in even-memhered B-X chains of alternating B ~d X 
atoms should he Iess pronounced than in the correaponding carbon-carbon chainso 
In addition, the greater pi energy stability of conjugated monocyclic ring 
systems with 4n + 2 pi electrons relative to those t-lith /+n electrons is much 
lesa eviden-t in rings vii th alternating Band N atoms than i t is td th carbon­
carbon ringso 

On the other hand, there are sorne characteristics t.,Thich are more 
pronounced in the B-N networlcs than in the organic mole cules • The relatUEt 
increase in pi bonding energy for systems of B-N units connected by boron­
nitrogen bonds is greater than the corresponding increase in the carbon-carbon 
systeru~o Secondly, the pi bonding in ring systems with extra nitrogen atoms 
bonded to ench boron is mainly ~ in nature, in contrast to that in 
aromatic hydrocarbon. systems in t.,Thich exocyclicp highly electronegative atoms 
do not substantially contribute to the pi bonding. 

Finally, the molecular orbital calculations have established that 
the pi bonding hetween the atoms in a B=B or N-N linkage is very slight,? and 
tvill probably not he sufficient to induce restricted rotation about these 
bonds. 
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The tre"nds in the molecular orbital parameters (bond order.!' charge 
density.9 ionization potential) calculated for the boron-nitr'ogen conjugated 

systems by the three different molecular orbital methods are all quite 

similar,9 and for this reason the three techniques appear to be equally 

applicable to the types of networks consideredo 
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APPENDIX II~ COMPUTER PROGRAMME FOR HUCKEL AND OMEGA METHODS MOLECULAR .. 

ORBITAL CALCULATIONS 

The Fortran IV language computer programme used to execute the 

Huckel method and omega technique molecular orbital calculations on the boron­

nitrogen systems is composed of five parts--one main programme and four suh­

routines 0 The" SOURCIl LISTING" of the main programme "HUCIŒL-OMEGA" is 

illustrated in Figure 11-70 

The input data required for the molecular orbital calculations i8 

read in by statements ISN 2-17 of the main progrannneo For each molecule,9 one 

"header" card is required on uhich is pUl1ched the case number (NCASE),9 the 

number of pi orbi'lials (N) 9 the number of pi electrons (NE) 9 and the value of 

the variable IaCo If IGe is zer0.9 only Huckel method restüts are calculated,9 

,..,hereas if IGe > 0.9 both Huckel and omega calculations will he parformedo 

For each pi atomic orbital to be considered9 an additiona1 card of data (ISN 12) 

is required~ uhich lists the atomic number (IZ) of the atom invo1ved,IJ the pi 

core charge of the orbital (G (1.91» and the values to be given to tbe off~ 

diagonal Hami1tonian matrix elements G (I,9J) 

G (I,J) =:: kij (1 ;1. J) 

At this point in the programme, the subroutine COULMB is called 

(ISN 20)J1 the listing for ,,,hich is given in Figure 11-80 The subroutine 

co~œ assigns Coulomb integra1 parameters HU(I),IJ correspond~ng to h of the 
u 

molecular orbital equations,IJ to each orbital based upon its core charge and 

the ntomie number of the corresponding atoma 

The next step in the main programme is to assign initial charge 

densi tie's in the QA(I) and P(I,\>I) matrices (ISN 21-22) 0 P ls used to s'tore 
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Figure II-7~ 

FORTRAN IV SOURCE LISTING FOR THE 

"HUCKEL-OMEGA" MAIN COMPUTER PROGRAMME 



O;'lt,-~:\-HL',CI<EL P"Gt'l~ F C /{ T k Ar J SOU l{ C [ Ils T 
ISN SOUkC~ STATENENT 

o .1; lOf TC f-l A.I N 

1 

2 
7 

10 
1.1 
16 
17 
20 
21 
23 

2 Lr 
25 
2b 
31 
32 
33 
34 
36 
37 
~-O 

L;-l 

L .. 2 
Lr3 

~-5 
1.;- 7 
50 
51 
52 
53 
56 
00 
63 
64 
67 
70 
73 
7Lr 
76 

101 
102 
103 
10L:-
106 
107 
110 

C r.H\l RD - H h l TEH E A C UI'1 t: G J\ T E C H NIC U E A P R 1 L / 6 6 
C PRUGRAMM~D BY N.C.KAIRO FORTRAN IV 
C COULMB,SORT2,COUlSN,(EVALUE) SUBkOUTINES REQUIRED 
C GU,!) 15 THE CORE CHM~GE fUR UC;(I,J) IS HIE BETA FOR THE 
C PAIR I,J"NE IS THE NlJHP)[j, Of PI ElECTHONS. 
C IF KI< IS lEkO,ONlY HUCKEL RESULTS PRINTEO OUT. 
C Z IS THE: ATOI-iIC NUI'if3EP.~N 1S THE TCTAl N(j. OF ATC~·1IC ORBITAI 

C 

o 1 ~I ENS ION H ( 50? 5 0) t C { 5 () , 5 0) ? P ( :; 0 , 50) ? G ( :> 0 '1 50 ) 1 1 Z { '5 0 ) , HU ( :> 0 
l ,QA(50) 

1 REAO(5,21NCASE,N,NE,KK 
2 FUt{I"IAT(413) 

OC 3 I=l,N 
RE AO ( S, L, } l Z ( 1 ) ? (G ( l , J ) , J= 1 v N) 

4 FORMATI14,19F4.2/20F4.2l 
CALL COUU';B(IZyG,I,HU) 
~~ A ( 1 ) =G ( l '1 l , 

3 P ( 1 ? l ) =G { l , l ) 
NIT=O 
CALCULATION OF HAMILTONIAN 

5 NIT=NIT+l 
DO 6 I=1 1 N 
IF(IZII).GT.IOlGGT07 
H ( l r l j == 1-1 U ( l H- ( G ( l 7 l ) - P ( l ? l ) ) :;< ( 0 .. 4 5 :;'/-1 U ( l )-.l-I .. 3 ° ) 
GUTL6 

7 Il ( I? l ) = H U ( 1 ) -..'- ( G ( 1 ~ l j - P ( l ? l ) ) ,;, ( 0 .. 42. ::< H U ( l ) + 0 .. 8 6 ) 
6 C (J i\l TIl\! U E 

NN=N-l 
DO 8 I=l,NN 
11=1+1 _ . ,. 
00 9 J=II',N 
Ii( I,J )=G( I,J) 

9 H ( J p r ) =G ( 1 ? J ) 
8 C l.J ,\J T l I~ U E 

CALl EVAlUE(H,50,50,C,50,50,N,O.OOOl,1) 
CALl SORT2(H,C,NJ 
CALL COULSN(C,P,N,NE) 
DU 10 I=l,N 
IF ( AL S ( P ( l , l ) -Qf, ( l ) 1 .. G T ,,0., 0 00 1) GO T 0 Il 

10 CCJi\JTINUE 
IF(NIT.EQ.I1GGTOI7 
GOTLll2 

11 If(NIT.GT.20)GUT016 
J J=2:;< (N l T /2.) 
IF(JJ.EQ.NIT)GOT013 
DO 14 1=l,N 

11.1" (J A ( l ) = P ( l 1 l ) 
IF(NIT.EQ.1)GOT017 
GLJT(JS 

1 3 DOL 5 l = l d, 
P ( l , l ) == 0 v 5 ::' ( P ( l ') l ) -;- CA ( 1 ) ) 

15 QfI{I)=P(l,ll 
GOT05 

17 WkITE(6,18)~CASl}N,NE 
18 FURMAT(lhl,llHkESULTS CASE,Ib,30X,2I8) 



uMlGA-HUCKEL PRGM. 
ISN SCUkCE STATlMENT 

lil 
112 19 
113 
IILt 20 
122 21 
123 
12L:- 22 
125 
126 16 
12 -, 24 
130 
131 12 
132 25 
133 23 
134 26 
136 32 
137 
140 27 
146 
147 29 
150 
151 30 
157 2H 
160 
163 
164 

IrJ RIT E ( 6 1 l 9 ) 
F (J R (vi A T ( 1 HO ,1 2 H l N PUT i"1 A T lU X ) 
DO 20 I=l,1'J 
WRITE{b,21}IZ(117(C(I 7 J)pJ=I?Nl 
FURfvlAT(lH ,16,l~X,25r4.1/1H ,25F4 .. 1) 
\-HU TE ( 6 9 22 ) N C 1\ S E 
FORMAT(lHO,lYHHUCKFL kESULTS CASE,IB) 
GÛT023 
vJ r{ 1 TE ( 6 ? 2 L., ) 

FClit:"lAT( Hj(),1LrH~:CJ CONVb~GENCE) 
GU TU l 
l,mITE (6,25)NCASE 
FORMAT(lH071HHO~lGA R~SULTS CASE,IB) 
DO 26 I=1,N 
WRITE(6,32)H(I,IJ 
FORMAT(lH ,FIO.4) 
DU 27 l=l,N 
\<! RIT E ( 6 7 2 (3 ) (C ( l ? J ) ? J = l t N ) 
!iJR 1 TEt 6 , 29) Ne A S E 
FORMAT(lHl,13HP MATRIX CASE,I8) 
DD 30 l=l,N 
WRITE(6,28)(P(I,J),J=1,N} 
FURNAT(lHO~15F8a4/1H ,15F8.4l 
IF(I'JIT.EW.1.AND.KK.GT.OIGOr05 

GOTl) l 
END 
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BAIRU OMEGA-HUCKEL PRGM. FORTRAN SUURCE L~S· 

ISN SUURCE STATEMENT 

o $ 1 B F r ecu U uw 
1 SUBRUUTINE CUULMB(IZ,G,I,HU) 
2 DI~lENSIUN IZ(SOJ,G(50,50),HU(50) 

C THIS SUBROUTINE ASSIGNS THE HUCKEl HU TO ATOM 
3 IF-(lZ(l)"cQ,,5)!-IU(!)=-1.1 
6 1 F ( l l ( 1 ) ~ E W. 6 HIU ( 1 l =0 ., 0 

11 IF(IZ(II.EQ.YlHU(I)=3.0 
14 1 F ( 1 l ( 1 ) " E C .. 13 ) HU ( 1 ) :::- 0" 9 
17 If{IZ(Il.EQ.14)HU(!)=0.0 
22 iF(IZ{Il.[Q .. ll)HU{I)=1.8 
2 S l F ( J\ G S ( G ( 1 ~ 1 1 - 2" 0 ) .. L T .0 .. 0 l} GOT 0 1 
3 0 1 F ( Il ( l J • E Q .. 7 J fi U ( 1 )=.: () .. () 

33 IF(IlCIJ.EQ.HIHU(I}=l.O 
36 IF(IZ(I}"EQ .. 1S}HU(I):::ü .. 2 
Ld IF ( Il ( 1 1 • E 0 D 16) HU ( 1 ) ::: 0.4 
4 ft Rf: TUkN 
45 l IF(iZ(1}.EQ .. 7)HU(IJ=1.5 
50 IF(.!Z(I).EO.8}HU(IJ=2.1 
53 IF(IZ(!1.E0.15)HU{!)=1.1 
56 IF(IZ(!J.EQ.16)HU(I)=lo3 
61 RETURN 
62 END 



( 
the bond order-charge density matrix, whereas the charge densities of the 

prE:wious Iteration are stored in t.he QIi matrixo The variable NIT (ISN 24" 2.5) 

keeps track of the iterati.on numbero 

The Hamiltonian matrix H elements are calculated next by means of 

ISN .2.5-44G llie diagonal elements are defined by the formulae in equations 68 

and 69 of Part 110 10 Note that when NIT = 1" all G (1,,1) = P (1 9 1)1 so 

that the Ha.milt.onian matrix eleroents are those of the Huckel method. 

The second subroutine" EVALUE, which solves the secular equations for 

the elgenvalues H (1" 1) and the eigenvectors C, is called at this point G This 

subroutlne ls of a very general nature" and is available as a library sub­

routine at the Mc Gill Uni versi ty Computer Centre 0 

Mter the eigenvalues and eigenvectors have been calculated1 the 

subroutine SORT2 is called (ISN 51) 1vhich sorts the eigenvalues and the 

corresponding eigenvectors into the order of decreasing energetic stabili tyo 

The listing of the SORT2 subroutine is given in Figure II-9o 

In order to calculate 'the total Huckel pi energy of the system being 

considered.9 a variable EPI is defined,ll and the one'~electron energies of the 

doubly-occupied molocular orhi tals' are sururoed together to gi ve EPI (ISN .52,-.56) 0 

The bond order-charge density matrix P ls calculated according to 

the formula given in equation 25 af Part 110 l by means af the subrautine 

COULSN (ISN .57)0 This subrautine9 devised by Jo Mo Sichel (43), is illustrated 

in l~gure 11-100 

The calculated orbitl11 electronic charge densi.ties9 P (1,91).9 are 

checked against those of the previous iteration,9 QA(I) in arder ta establish 

lvhether a self-'cansisten't field has been achieved (ISN 60-64) 0 If a sel1'­

consistent field llas not been obtained9 the operation of the programme is 



Figure II-9: 

FORTRAN IV SOURCE LISTING FOR 

THE "SORT2" SUBROUTINE 
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1:3;:\ IRD UI\jEGA-HUC!<.l:l PRGI·1" FURTRAN SUURCE LIST 
ISN SUURCE STATEMENT 

o :;>1 8 FT C S 0 I.i.. T 2 
1 SUiH\OUTI NE SOP,T2 (E, C? Ni 

C PLACES CIGENVAlUES AND EIGENVECTORS IN OROER OF 
2 DIMENSION [(50,50) ,C(~O,50) 

3 DU Sb 1=2,N 
4 JA=I-l 
5 DO 5b J~: ,JA 
6 IF(EDdi .. LLE<J?J»)GO TO 56 

11 ET=EU,I) 
12 E(I,I)=t(JtJl 
13 E{J,J)=ET 
14 DO 57 K=17N 
15 CT=C(K,I) 
16 C(!<.,I)=C(K 1 J) 

17 57 C(K,J)=CT 
21 56 CONTINUE 
24 RETURN 
25 END 



( 

Figure 11-10: 

FOR1'RAN IV SOURCE LISTING FOR 

THE 1/ COULSN" SUEROUTlNE 
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BAIRD UMEGA-HUCKtL PHGM. FORTRAN' SUUkC~ LIST 
ISN SOURCE SfATEMENT 

o SIBFTC COULSN 
1 SUBRUUTINE CUULSN(C,P,N,NE) 

C ceMPUTE CUULSCN CHARG~ DENSITY-BUND OROER MATRIX 
C ONLY UPPER HALF AND DIAGONAL NEEDED 

2 DIMENSION C(50,~O},P(50750) 

3 NCC=NE/2 
4 80 6U L=l,N 
5 00 60 K=l,L 
6 P(K,L)=O. 
7 DO 61 !=l,NOC 

10 61 P(K,L)=P(K,L)+C(K,!)*C(L,I) 
12 P(K,L)=2.*P(K,L) 
13 60 P(L,K)=P(K,L) 
16 RETURN 
17 END 



( 

281.. 

retul'ned to ISN 25 and the calculations repeated. In order to achieve a 

self-consistent field with a minimum number of iterations, the charge 

densities P (1,1) (to be usad in the calculation of the Hamiltonian matrix 

elements) are averaged ovel' P (1,1) and QA (1) when the parameter NIT is 

even (ISN 76, 110-114)0 If NIT is odd, no averaging is used (IBN 76-104)0 
In both cases, the matrix elements P (1,1) are stored as QA (1) so that the 

charge density distribution of the next iteration may be checked for self­

consisteucyo If a self-consistent field of charges has been attained (ios 0 

each element of the matrices P (1,1) and QA (1) do not diffar by more than 

±OoOOOl slectron), or if the value of pIT is l, the mole culaI' orbital calcu­

lation resuJts are printed out by menns of the statement numbers ISN 115 to 

1650 A typical print-'out. from this progrrunme ia given in Figure 11-11 for 

the (BN).3 systemo On the first. pagel' the input matrices IZ (1) and G (Ill J) 
are given,? along \.,ri th t.he Hucleel method snergy levEüs,I total pi energyl' and 

the Huclesl method coefficient matrix Co On the second page of results, the 

Hucleel method bond order matrix, P, is printed out, together with the omega 

technique energy levels and coefficient matrix Co On the final page of 

print·-out for sach moleeule, the P roatrix calculated by the omega technique 

ls glven~ 

The prlnt-out section of the main programme is designed such that 

if NIT = 1)) the Hucleel met.hod results are printed out, and then the operation 
of the program returns to ISN 25 to continue the calcu1ations if the parameter 
lU( is not equa1 to zero (ISN 166) 0 Artel' the omega technique parameters huve 
beeu prin'~ed out!) the next maleeule is considered by returning the operation 
of ·the pragr8JlllJl9 ta ISN 2 (ISN 171) 0 



Figure 11-11: 

COMPUTER PRIN'Il-OUT FROM THE "HUCKEL-OMEGA" PROGRAMME 

FOR THE (EN)3 Pi ELECTRON SYSTEM 
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RESULTS CASE 

INPUT MATRIX 
5 
7 
5 
7 
5 
7 

HUCKFl RESULTS CASE 
2 .. 420 /1' 

1.7811 
1.7811 

-1.3811 
-1.3811 
-2.0204 

6 

0.0 0.9 0.0 0.0 0.0 0.9 
2.0 0.9 0.0 0.0 0.0 
0.0 0.9 0.0 0.0 
2.0 0.9 0.0 
0.0 0.9 
2.0 

6E PI= 11.96527 

0.2628 -0.2111 0.1213 -0.3885 -0.6756 0.5141 

0.5141 -0.6741 -0.3911 0.2435 0.0004 -0.2628 

0.2628 0.0005 -O.?435 -0.3908 0.6743 0.5141 

005141 006757 -0.3883 -0.1214 -0.21l0 -0.2628 

0.2628 0.2106 0.1222 0.7794 0.0013 0.5141 

0.5141 -0.0016 0.7794 -0.1221 0.7106 -0.2628 

6 



( 

P MATRIX CASE 6 

0.2567 0.4600 0.0709 -0.1092 0.0789 0.4600 

0.4600 1.7433 0.4600 -0.07R9 -0.1092 -0.0789 

0.0789 0.4600 0.2567 0.4600 0.0789 -0.1002 

-0.1092 -0.0789 0.4600 1.74~] 0.4600 -0.0789 

0.0789 -0.1092 0.0789 0.4600 0.2567 0.4600 

0.4600 -0.0789 -0.1092 -0.0789 0.4600 1.743~ 

OMEGA RESUlTS CASE 
2.712l 
2.1352 
2.13S2 

-1.500? 
-1.5002 
-2.0771 

6E PI= 13.96514 

0.2382 0.1043 -0.lAI2 -0.394i -0.6838 0.5?59 

0.5259 -0.3954 -0.6831 0.2091 0.0002 -0.238? 

0.2382 -0.2091 0.0002 -0.3951 0.6832 0 0 5259 

0.5259 -0.3938 0.6840 -0.1044 -0.lR12 -0.2382 

0.2382 0.1048 0.1810 0.7893 0.0006 0.5259 

0.5259 0.7893 -0.0009 -0.1047 0.lAI0 -0.23R2 



P MATRfX CASE 6 

/ ~'. 0.2010 0 .. 4156 0.069iJ -0.0795 0.0698 0.4]56 
~ 

, 

o ,,ltl56 1.7990 0./+156 -0 .. 0698 -0.0795 -0.0698 

0.069S o. /~ 15 6 0.2000 0.4156 0.0698 -0.0795 

-0.0795 -0.0698 0.4156 1. 7990 0.4156 -0.0698 

0.0698 -0.079') 0.06C;n 0.4156 0.2009 0.4]56 

0.4156 -0.0698 -0.0795 -0.0698 0./+156 1.7990 



A Jist of the symbols used in this programme is given in Table 

II-XVII 0 

In all, molecular orbital c alculati ons for thirty-one B-N conjugated 

networks were executed by this programrneo A listing of the computer output 

and the input data sheets for these systems is available (82)0 



TABLE II-XVII: 

Symbol 

H(I, J) 

C(I, J) 

P(I, J) 

G(I, 1) 

G(I, J) 

IZ (1 ) 

HU (1) 

QA (1) 

KI( 

N 

NE 

NCASE 

NOC 

NIT 

EPI 

ET 

CT 

Symbole USEld in the "Huckel-Omega" Computer Progrannne 

and Associated Subroutines 

Definition 

Hamiltonian Matrix Elements (FIl' FIJ) 

Moleeular Orbital Coefficient Matrix Elements 

Bond Order and Charge Density Matrix PIJ 

G(I, 1) are the "core charges" for orbital ID 

G(I, J) ,.,Then l ~ J are the "resonance integrals" parameters 

kIJ 

Atomie Number of Atom ,·dth AO 10 

Huckel Method hu value, for orbital ID 

Electron Densities for AO l from previous iterationo 

Control Parameter (see text) 

Total number of pi atomie orbitalso 

Il " " " Il eleetronso 

Case number of moleeule consideredo 

Total Number of doubl~occupied molecular orbitals o 

Iteration numbero 

Pi energy for systemo 

Temporary storage parameter 

Il Il Il 



l 
GLAIMS TO ORI GINAL R~SEARGH 

PART l 

10 The relationship between the electronegativity equalization method for 

calculating electron density distributions in molecules and the method of 

molecular orbitals was derived and discllssedo llie formulas relating the 

ionic character and ionic r~.sonance energy of a two-centre bond to the 

diffel'ence in electronegati vi ty between the centres were found to be 

similar in form, whether the formulae were derived from electronegativity 

equalization considerations, from LGAO molecular orbital theorY9 or from 

empirical correlationso 

20 A IImolecular orbital" bond electronegativity functlon ,.,ras proposedo Methods 

bY"Jhich bond electronegativity functions could be extended to include 

interatomic terms ,..rere outlinedo General formulae for the equilibrated 

electronegativity, orbital charge density, and extra iomc resonance energy 

were derived for electronegativity equalization methods in which the 

electronegativity was assumed to be linearly dependent on electron densityo 

30 Hinze, vlliitehead and JaffeUs method for calculating group electronegativi= 

'ties ,..ras simplified and extended so that the electron densitydistributions 

in saturated mole cules could be calculated in a simple mannero The 

parameters of the bond electronegati vi ty function, which \-lere required 

for such self-consistent field electronegativity equalization calculations 9 

were evaluated for a number of atomso 

40 The ionic characters for several diatomic moleculesJ) and for a number of 

"isolated" bonds p 'Here calculated by electronegativi ty equalizationj) and 

the results compared to bond polarities obtained by other theoretical 

methods o 



\ ' 
50 Self-consistent field electron densi ties ,vere calculated by the bond 

electronegativity equalization method ~or some saturated hydrocarbons 

and saturated allcane derivatives of nitrogen and oxygeno 

6~ The BoEoEo method electron densities were discussed wlth reference to the 

relative induotive effects of alkyl groups and hydrogen atoIDSp the varia­

tion in group electronegativity with molecular environment,9 the transmission 

of electronic effects through carbon-carbon bonds,9 the inductive stabiliza~ 

tion of hydrocarbon ions,9 and the inductive effects induced in an alkwle 

by nitrogen and oxygen atom substitutiono Correlations were est,abHshed 

between the hydrogen and carbon atom charge densities and t~e ~I and 

IJ C NoMoRo chemical shifts in soma alkanes and saturated alcoholso 
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PART II 

10 Two approximate methods.ll both based on Pople~s procedure, for "the calculation 

of ·the mo.lecular orbitals in pi-electron netwoI'ks wer~ proposedo 

20 The "Coulomb integrals" ln the approximate methods were shown to he related 

to the Coulomb integrals for the simple Huckel method and the "omega 

technique, Il and to the "molecular orbital" bond elec·tronegati vi ty function 

proposed in Part Io 

30 Coulomb integral parameters for the P1T atomic orbi taIs of several atoms 

were calculatedo 

40 The extent to which ,ths omega t.echnique ilnproves the Coulomb integrals of 

the Huckel method toward ·the values calculated by Pople 0 s method lvas 

analyzed by considering molecular orbital calculations for a typical·pi 

elec'liron lletvlOrko 

50 Net orbital charges, bonding anergies, ionization potentials, and bond 

orders betlveen bonded atoms l'16!'t3 calculated for the ground states of .31 

boron-ni trogen pi electron networles by the simple Hucleel and omega 

technique methods, and 'verE) calculated for 8 B-N pi netvlorks by Pop1e 0 s 

methodo 

60 The molecular . orbi tal results for the boron-ni trogen systems were dis~ 

c:ussed with reference to the s'tructure, stability» occurrencl~ and spectra 

of molecules in uhich boron~ni trog8l1.» boron=oxyg6n~ boron-sulphur or 

boron=ha,logen pi netll101'ks could he presento 



'l'hcorct. chilll. Acta (Borl.) ~, 25()-2û4 (1()û4) 

Theoretical CllOmistry Lltborntûry, Chemistry Dcpartment 
l\1cGill Univcrsity, Montréal, Canada 

Ionie Charaeter 
Hy 

N. C. Itmw and lU. } ... WIIl'l'EIIEAD 

l'he concept of ionio charaeter in a and n bond systems is considered in the light ofrecent definitiolls of orbital electl'onegativity [6, J,J]. 

Le caractère ionique dos liaisons a et n est disouté en tenant compte des définitions récen­tes de l'électronéglttivit6 dOB orbitales. 

Dus Konzept dos ionischon Chamktel's in a und n Hindungen wird im Lichte nouorer Dofinitionen von Ol'bitalclcktl'oncgativitiiten diskutiol't. 

HINZB, WlIITEIIEAD and <LU'FE [6J used the Principlo of thc Equalization of 
Orbital Elcctroncgativitics [1, 6, 7, 12J for two atomic orbitaIs forming a covalent 
a bond to dcfine the ionie charactcr of the bond as 

'i _ 1 x,~ - XI~ 1 
- 2 (CA + Cn) (1) 

in which %0 l'eprcsonts the lttomic orbital clcctror..cgativity of the atom prior to 
bonùing. CA and CIJ a1'O constants. 

The orbital elcctroncgativitics are cxprcsscd as a lincar function of the numbcr 
of clcctrons 1/, in an orbital. 'l'hus for the bonding atomic orbital of atom A : 

(2) and likcwisc for atom B. 
This applics to thc formation of a covalcnt a bond, a co-orclinate covalent a 

bond and a:TC bond [5]. The energy of an orbital j, occupiecl by nJ eleetrons is given by [5, 6, 7J. 

E (nj) = a + bn, + cn; . (3) 
The orbital electrollegativity defined by: 

o aJiJ '/ . = - = b + 2 cn} 1. } an, 
is a propcrty of the atOJll bcfore bond formation, and hcnce can only have nJ = 0, 
1 or 2. The combinatioll of n'} = ° and n1 = 2 defines a co-ordinate a bond, and n'} = 1 with nIf = 1 a normal covalent a bond. In the case of:TC bonded systems both n'} and ny ean be 0, 1 or 2 independently. 

The two elcctrons in the bond, formed by the overlap of two atomic orbitaIs, 
must bc in equilibl'ium and eaeh electron secs the same potential, ;C, on atolls A 
and B. Thus the equilibl'ium occupation numbers n~ and n~ [2, 6, 9] are defined 

~'hcorct. chhu. Acta. (Ber!.), Vol. 2 '18 



260 N. C. BAffiD o,nd M. A. WllI'l'BHEAD: 

from 
(5) 

'rhe sum of n.~ I1nd n~ is 2 for 11 a bond (covalent or eo-ordinl1te) but may be 
1,2, 3 01'·1 for a n bond. 

'l'hus a Flot of XA (n,t) against nA and similarly for nn gives Fig. 1, whore tho 
intersection of tho two lines gives tho equilibrium vl1lues n:~ and n~. 

1 

" , 
, , , , 

" , 
/ 

" 1/ " 

/ ',xA " , , , , , 
" , , , , , 

" , " , , , 
" , 

/ " 
" , 
, / , 

1 1 

'l'ho case wh ore nA varios from 0 ta 2 
us n n goes from 2 ta 0 is tho normal a 
covalent or co-ordinate bond [6J. 'l'ho 
dottedlinos for nA equl11 ta 3 or 4 are of 
courso hypothetical sin co tho Pauli Prin­
ciplo would bo violated, and in aU actua.l 
cascs the lines arc found ta cross whero nei­
ther nA nor nn actuaIly exceeds 2. 

Sinco ionie character is the amount by 
whieh tmnsfer of charge must occur to 
cqualize the orbital eloetroncgativitios, 

i = 1 n~ - nA 1 = 111.71 - nn 1 (6) 

nA 
(4// r;z l'C!Ji4JO 1 2 J ~ 

which is tho ionio eharactor for a a or n 
bond dopcnding on the values ofthe 11.* and 
n. Sinco tho olectroncgativitios arc oqual 
[equ. (5)], thon 

nB(m~~) 
. (m-J) 
(m-2) 
(m-!) 

1/ J 2 1 0 
J 2 1 0 bA + 20AnA = bn + 20nnn (7) 
2 1 0 
1 0 and nA and nn are related by 

(8) 
}'Ii!,.1. Tho elcetronC[:lltivitics of ntollls A llIul Il III 
nn ,\ll bonù ns li fUlletioll of Il.1 lInù IIII. Tho lines 
mo dl'Hh~rHl.tcù uy nt wherc 111 """ nA + nJ]. 'l'honlg .. 
nlficallcc of the Ilarallletor.! lu lllucntised III tho text where'ln cunlHLve aIl possible values of ono 

through four. In a n bond systom with 
n._: = n 11 = 0 there is of course no bond; with nA = n 11 = 2 the a bond elcctronega­
tivÏty changes rcsult in equalization of the p olectroncgativitics sueh thl1t tho two 
p orbitaIs l'etain two elcctrons eac11; but for aIl othcr combinations of nA and n n, 
n iouic bond chal'actcr occurs. Combining oquations 7 and 8 

bA + 2cAnA = blJ + 2cn (m - n,t) 

from which tho occupation number for orbital Amay be found to be 

bll-bA + 2clI1n 

2 (CA + Cn) 

'l'he ionic chamctcr is given by 1 n;; - nA 1. Substituting for nA, 

i = 1 (b.1+2cAn~)-(bll+2clI[m-n~]) 1· 
2 (c" + CIl) 

'l'ho oquilibl'ium valuos for n~ can vary from 0 ta 2 and m frolU 
possiblo combinations of n} and rn this oquation roducos ta 

. 1 X~-xZ 1 
~ = 2(CA + Cn) 

(9) 

(10) 

1 to 4. In aIl 

(11) 

which delUOl1stratcs th 
of the covalont and co 
onco. 

Whon tho ionic ch: 
evalul1tion of the consi 
ledge of the ionization 
on the atOllS of interc 
[of cq. (2)] ta be tabul 
taining one, E (1), two, 

E (0) :; 

By dermition, the ionb 

Iv = E (1 

whiIe the electron affin 

Ev = E (2 

'rhorefo1'e Ev = b + 3c 
the constants are giver 

c = (Ev 

b = (3 Iv - E 

'rhcse constants hl1ve 
clemcnts from hydl'og 
pcriodic table, for the 
atollls for which the Il 
[5]. They are shawn 
elcctron volt units fc 
statcs of tho monoval, 
tian (1) is immcdiatol 

The pl1ramote1' c* 
depondcnco on the s ( 
deration; for most ato 
pcndencc so slight tha1 
zation, (Fig. 2). 

As valucs of the pa 
subscquently Wm'l'EII 
cuse of ionie a bondin 
nnits for X. We have fa 
a bonds range from -
also true of n bonclinf 

* 111\ Vl1lucs uticd for ~ 
Mulliken units giVOll in tl: 

I1nd 
Soo IIINz~, J., o,nd II. II. 



2G2 N. C. BAlltD and M. A. Wnl'rmmAD; 

ionic characters clllculated with tho correct values of 1 CA + Cn 1 are thoreforo sub· 
stl1!ltil1l1y Iowor than thoso using i(J = 1/2 1 lA - X n 1 whioh is the cquation rcsulting 
from cquation (1) with 1 CA + Cn 1 = l, and idcntical with that duc to GORDY [3J. 
il comparison bctwcen the values of i(J caIculatcd from equation (1) with CA and 
Cn from 'l'ab. l, and othcr asscssmcnts of i(J for diatomic moIccuIcs is ohown in 
1'<.b.8. 'l'ho valu cs of X uscd by PAUJ,mG [9J and IÜ.NNAY and S;o.IY1'1I [4J are 
naturally PAULING'S original atomic olcctronogativitics and not tho orbital olcc· 
tl'Oncgativitics used in this papcr. 'l'he resnlts obtl1incd by thc ubovo the ory 
('l'ab. 3) are in markcd disagrcemont with those calcnlated with the samo, or 

Tablo 1 

b aJUl c vailles for Ihe valence slate orbitais of the monovalent atoms in a bond jar mali on 
Tho orbittll being considol'cd has no suporscript dosignation of its occupation sinro occupt\tion 
numbors of 0, 1 and 2 aro used to calculato J" and li). (sco rofol'cnco [5]). 

Ionization Elcctron 

Atom Valonco Potontial Affinity b* c* 
stato l. ,b~ 1) 

(o.v.) (o.v.) (o. v.) (c.v.) 

11 s 13.GO 0.75 20.02 -G.'12 
Li s 5.39 0.82 7.G7 -2.28 
Na 8 5.14 0.47 7..17 -2.33 
j? 82 'p2 p2 1) 20.8G 3.50 29.5·1 -8.G8 
Cl 8 2 1)2 p2 Ji 15.08 3.n 20.75 -5.b7 
HI' ,.,.211 2 p2 1) 13:10 3.70 17.80 -·1.70 
1 821)2 p2 P 12.G7 3.52 17.25 -'1.57 

-----
* Mullikon Scalo 

Tablo 2 
band c vailles jar the valencc state orbilals of seieclcil aloms fonning n bOl/ds 

'1'110 orbital being considerod has no suporscript designl1tion of its occurmtion Binco occu­
pation numbors of 0, '1 and 2 aro used to ealeuln,te 1. nnd E. (seo rofel"Onco [5]). di ici a sp hybri­
dized orbital and. Ir a Sp2 hybricl orbital whilo n dcsignates tho Ji orbital uBed in n bonding 
in do pendent of its occupation number. In Bo and B tho n orbitl\l is ompty, in C and N(l) 
singly occnpied and in N(2), F and Cl doubly oceupied in tho ntom. 

Ionizntion Electron 

Atom Valenco Potcntial Affinity b* c* 
stato l. Ev 

(c.v.) (c.v.) (c.v.) (o.v.) 

Be- dilcZiln 

1 

+0:10 -0.9,/5 '-,li -{};J2i~ -0.516 
B- trllrllrln +'1.06 -5.32 ..I( "c. d5 -.!..,o'.;z.. -3.19 
C cZilcZilnln +1'1 :19 +0.10 +1G.73 -5.5·.1, 
C trllrllrln +11.1G +0.03 -1-1G.72 -5.5G 
N(l) tr~lrllrln +14.12 +1.78 +20.29 -G.1.7 
N+(2) trllrltrln; -1-28.71 +11.95 -1-37.09 -8.38 
j?'I- 8~p~pln +39.67 +18.11 +50.'15 -10.78 
Cl+ s2pZpln +2G.3G +13.38 +32.86 -GA9 

1 

* Mullikon Scale 

I( 

'l'ho orbitaIs on Li, Nn and 1 
from this Imper and for 
HANNAY und S~!Y'l'J[ woro li: 

show slightly different val 
for inotanco C. A. COULSON 

Molecule 

LiH 
NoTI 
HF 
HCl 
I-Il3r 
HI 
FCl 
BrCI 

Pltuling oIectronogativit 
that tho rchttionships w 
equl1tion (11). For tho Cl 

from 2.0 to 5.1. It is cone 
of a bonds using tho GO! 

Somowhat bottcr ag 
HmuHty and Smyth l'cl v 
and our values. This iE 
difTorenco thcir rehttiom 

i = ( 

rcclnccs to 

Thc mngc of 1 :lI [2 (C.'I -

cxplains \Vlly tho rcsnlt: 
thc asscssmcnt of tho co: 
clcctroncgativitics amI i 
theÏr formula the agrccll 
vcry mu ch \Vorso. 

This is bccause the X, 
dissociation enorgies, ir 
atollls in thc bond cliSSI 

c1cctroncgativities. 'l'ho 
and Hel. These aro pre 
would increaso the X ~nlo 
the valuo from equatiol 
such hybridil:ation can 
data.; prcliminaq calcn: 
of tho bonding chlorine 
HANNAY and Silly'rU at 
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factor neeessary to correct for the fa et that thc value of 1/ [21 CA + Cn 1] is not a 
constant, n,nd that the X~Ybrhl8 used in equation (11) diffcr from compound to 
compound, neither ofwhich is taken into account explicitly in equation (16). Thus 
the ll1ethod of I-IANNAY and SMY'!'.lI is almost equivalent to ours for the diatomie 
lllolccules considcrcd. 

The prcsent approach has the advantage that changes in the electronegativity 
of thc bonding orbital of an atom in different mole cules (sueh as carbon in ethane, 
ethylcnc and acctylcnc) can be accounted for, since X, band C can an be calculated 
for any normal valence states (s, p, di, tl' and te) for the atoms under considera· 
tion, and for aIl intcrmediate hybridizations, readily estimated [6]. Whcrcas thc 
Pauling X are only valid for atolls whose bon~i~g orbitaIs are of exactly the same 
hybridizcd character as in the molecules from whose dissociation energy the X 
wcre dcrivcd. " .. ' 

The second advantage is tirât~ equation -(11))s applicable to polyatomic and 
Jl:·bonded systems. HINZE et al." t6] demonstl;atcd that the effects of the groups 
A, Band C upon the electronegat\vity of th6 qonding orbital of atOll R in ABCR· 
can bo taken into account and equ,ation (13) applied. The technique of handling 
polyatomic molccules has bcen gencralized and simplified and the results for 
thcso togothor with 1& bondod systoms will be givon in the next p!loper. In gf\!1eru.l, 
it is concludcd that the factor i CA + CB 1 varies fl'om moleculo to moleoule, 
substantiating previous qualitative arguments [1, 6, 8] that there can be no 
unique curve rcbting ionic character to electronegativity difference. 

Wo wish to aclmowlcdgo finallcial support from tho National Rcsoarch CounciJ of Canada. 
Gno of us (N.C.B.) thanks tho council for tho award of a studontship. 
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Group r _ bitaI Elcctronogativitics 

By 

lIr. A. 'VIlI'l'mmAD, N. C. UAIJ.W andllI. lCAl'I,ANSKY 

'l'hu fiolf·consistent Group Orbital and Bond Eloctroncgn,tivity (SGOBE) mothod [4] for 
calculating thc orbital clu],rgo diRtributionH in polyatomic molecules is rovicwed, und Il, simpli. 
fication drscribed. 'l'ho charge dititrihutioIlS for several polyatomic molecules are ei1lculatcd. 
The chemical significance of the rCBults is discusHcd. 

Es wil'rl (lin Oborblick iiber dic SGOBE.Methode zur Berechnung von Ladungsvortoilun. 
gen in l\Iolpldilen gcgebcn und cine Vereinfadumg dazu beschriebon. Die Ludungsvortoilung 
einigor Illchratomiger l\Iolekiilo win) borechnet und die chemische Bedoutung diskutiert. 

La méthode auto·cohérlHlto deR orbitaux do groupo et éleotronégativités dos liaisons 
(SGOm~) POlll' Illlloll]OI' 11], <list;rihllt,ioll d(1 nIl/n'go orbit-illo c!(1H lIt,omoR clnnfl!oR mo16ollloR ]loly. 
Iltumlquu!l t!st l'CSllllI~O; l,t Hnll Ultnllllllcatlol1 du III méthode SGOB~ ost décrito. Les distrIbu­
tions de chargo do plusieurs molécules polyatomiqucs sont calculécs, ct la significu,tion des 
résultats est discutée. 

Introtllletion 

Attempb have \wcn made t;o oxtellfl \;11e Atomic Elcctronegativity Conccpt 
(AEC) to organic Illl\~ :norganic radicab. EstiJwLtes have beon ma do [8J of tho 
Effectivo Atomic Elce!,l'onegn(;ivit;y of radicaIs, X~f~' by 111cans of cmpil'icaJ rola,. 
tionships bd\\'l1en x:~·:~ antl (1) infmred strotching frequencies, (II) UWl'l1lochomi­
cul data, (Ill) clwmical l'cnctivity, (IV) nucleat· mngnotic rosonallco ehomical 
shifts, HIHl (\T) nuelear quadl'l1poIo resonance frequoncies. 

In thiti paper a simplification of the SGOBE method [4] is describccl. The 
clectl'Oil charge diRt.ril.mtions of ILtomic ()rbitals in 111oleculos, and the orbitnl 
offcctivo cloctrollcgativity XeU of radicab prü:;ent in polyatomio molocules, are 
calcuintelllsing the Elûctmllegntivity Equalization Pl'inciple [9]. 

Thmllghout this papcl' ail oledroncgativitios arc Orbital Electroncgativities; 
no su ch COIh!ept as Atomio Electronogativities is ufJod. 

Backgrollutl 

"l. Tllù orbit.aI eleetmllegativity of urbital j 011 atom A is givon by xt. It is 
rclat.cd to the chargc of orbital j, nJ\ hy [4] 

Xj\ (nj\) = bj\ + 2c;\ nt (1) 

whel'o bj\ and c;\ arc paramotors dopondont on the atom A, its valence state, and 
the elcctron configuration of al! the other orbitais on atom A. 

2. Tho efl'cctive occupation number, integl'al or non.intogral, of an atomio 
orbital is designatod "chargo". 

3. 'The paramotcl's b;\ and ct Cill IJO calculated [1] fl'Dm the ionization potential 
and electl'on affinity of ol'bitlLl j, 1~) and E~, using 

. ----------~--~-
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'1 
b'~ = - (3 lA, - EA,) 

J 2 VI VI 
(2) 

and 
1 

C',\ = - (EA, - lA) 
J 2 VI VI' 

(3) 

.1,. Tho l110dificd principlo of orbital Electroncglttivity E'lultlization [4J states 
t,hat Ilineo two clectrons forming a chomieal bond aro in e'll1ilibrilll11, the potential 
at cuch cleetron from the atomio corcs A and B must bo c'lua!. E'l' (1) defincs thill 
potcntin!. If XX rcprcsonts tho e'luilibrium clootronogativity of the orbital of 
atom X, the principle ro'luircs that 

XA - XB 
CQU -- Cflll 

Tho total charge of tho molccular orbital is 2. If tho orbitais forming the bond are 
j of A and le of B, and the ullterisk denotes e'luilibrium values, 

AO '- no 2 ni T nI.; = , 
wh en ce the ionic chamctcr of the bond ifkll is given by 

1 

AXAll 1 

ifkll = 1 nt" - 11 = 2 (;; ~ c~) 1 (5) 

LI x;1B is the orbital oleetronegativity differenco 1 xt - X~ 1 for the condition 
nj\ = nl' = 1, that is (;he [l'ce atomic condition before bond formation. The prin­
ci pie is e'lllivaient to minimizing tho energy of the mole culaI' orbi!',[Ll, expressecl as 
a SUIll of the atomic orbital energics. 

5. The uso of cq. (15) is complicatcd when orbital j is on 11. polyvalont. atom, tho 
othcr orbitais of which may or may not be bondccl. A totravalcnt carbon atolll in 
thc tet.l'ahedral valenco stato (té), has four bonding orbitais 1, 2, 3 and '.1:. Tho 
parallleters bl and Cl aro c(Llculated from e'ls. (2) and (3) using values of lVI and 
BVI for t.ho cuso 

(u) 

"G:mally euch of tho boncls formcd by orbitl1.ls 2, 3 and 4 'will be polar, und 
eq. (G) will not hold. 1,'hus bofore 0'1. (1) cun bo appliod ta calcull1.tions, tho pam-
1110tcl'S Dl and Cl must be correctcd for n2, na and n4 diffcring from unity. 1,'his will 
Le cùnsidorcd bclow. 

'l'hcOl'Y 
The encrgy cluwgcs which OCClU' whon elcctrons are adclcd to [Ln orbital are 

ofl'cctcd by the chamctor and chargo of cvery othor valoncy orbital of tho atom, 
and if the onCl'gy of an orbitul is oxprcssccl Ly [4J 

E (n}) = a} + bjn} + Cln; (7) 

thcn the pammctcrs a}. bj 11.IlCl c} are dcpondont on the nuclear chu.rge Z, on tho 
chargo und hybricliz[Ltion chamctcrs of ail tho other orbitaIs of the atol11, and on tho 
hybriclization. chamcter of j. Tho dopendellce of tho parametors, and of Iv} une! 
I~"J) upon tho charge of cach of tho valonco stato orbitaIs is givon in 'l'ab. 1 for 
carbon in tho tctrahcdml stato. (Ali enCl'gy data is from roforcnce 3.) Tho valucs 
of Iv} and Ev} show that thcy dopcnd lUainIy'on tho totul chargo, nT, of tho thrce 

o 0 
1 0 
1 1 
2 0 
1 1 
2 1 
1 1 

~ 1 ; 

~-
* a}, b 

tCI, 1 vI 0,11 

o,ro tho ch 

othcr e'l 
tian, (fOl 

The' 
shown in 
atom inr 
culaI' cc 
llsed is 
closcly r 
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valonce 1 
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Ev) and, 
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'l'ho el~tteel eurves in Figs. 1 and 2 show how weil eqs. (8) and (ü) reprodueo the 
variation of Ev} anel Iv} with nT, espeeially in the aren ofinterest. 'l'ho paramoters 
for soveral atoms in their vakneo stntes arc listed in 'l'ab. 2. 'l'hus Iv}. Ev}. b} and 
C] ean bo eoJeulated whon nk, ni and nm diffor from unit y, alld lIenee tho oleetrolle-

gativity of j. This value of Xi is 
so the effeetivo orbital oleetrollega-

\ tivity of tho radical, xf. 
1,10 \ 

\ This method is analogous to , 
JO \ tho SGOnE method [4], whieh , 

~ 
~ 

20 

required Ji] (n}) vorsus ni eurves 
to be plottecl, extrapolation of 
these eurves to tho point of inter­
est, estimation of Ji] (ni -1- 1), ]iJ 

(ni) and E (ni - 1) from the eur­
ves, and ealeulation of Ev}. Iv}. bJ 
and Ci from tho onergy tOl·ms. A 
totravalont carbon atom requi­
l'CS tho plotting of twonty sepamto 
OU1'VOS ta OOV01' 11,11 possiblo ousos 
["]. Tho mothocl clov01oped abovo 
simplifies tho ealeulations of tho 
SGOnE methoc1 for finding b} 

fO 

o 

Fig. 2. B"i l"I'Jll'l'Rcnt" Iho "l,'rll'.l1\ nftïllll)' nf h'l' nJl(lllT - lIk + 
-1- III -1- /l,,,. 'l'hu Kolltllllll'\'l1 n'lll'I'RI'lIlk lI\1\t IllVtllluy the Clllo\l-
11\11ulI' of 1lIS~.1-: nt 1\1.: th" dottcd Clll'Vll l'üpr"Hl'llis tho n'RIiItR 
l'l'Dili "f!. (0). 'l'Ile parallleters of (H) d •• allli C wen' evnluntcd 

l'rolll the HI~zl: data for nT ~ 2. a ancl ,1 

and cl' The validity of tho aSi:Hlmptions and approximations ean be seon from tho 
vnlllc::; of X!'\r calclllatcd for the radiellJs CII3, CH2Cl, CI-ICl2 and CCl3 in the hydri­
de,; RH. Using a pure 1) bonding orbital on the ehlorine atom, thoy dilTor from the 
SGOBE resulti:! by 0%, 0%, 0.7% and 1.3% rcspeetively. 

'l'ho total charge n'l' ean bo the sum of the n from one or more orbitaIs; one 
ean eOllsider the dcponclonco of Iv] and Ev} \1pon ollly SOIllO of tho n,L', kecping 

1.2 or 3 
tho l'est constant; Oms n'l' = 2.: nt. DilTcrent values of tho pllmmeters 

1-1 

Tablo 2. 'j'he 11ltralllcters of the 1 vi and E vi cq/latiolls 
---

Elolllent Valenco Stl,tO 
1 

<X* 
1 

(J* y* 
1 

0* ë* C* 

1 
C te ii7.0G7 -·'17.2·10 1.02!l 30.020 -'IH.2·15 l.8!l5 
Si le, 32.822 - G.77!l -0.07.) 20.iÏ(l(i - H.87:1 0.a15 

N 
r te 100.0G7 -2H:IH 1.!l72 (H.:)OO -21.8!l5 '1.702 
1 8]lPP '18.22G -21:101 '1.!l77 2!l.OI7 -1!l.Û21 2.!l02 

( te 
1 

'120.72·~ -2a.12·~ O.SOI !l2.75G -2:1.2,18 '1 :1 S'! 
0 78.88:1 -20.0a:l 'l.Sa:l 4S.0:H -IÛ.'1,g t.:lG'! 8J1PP 

S 
J tc 10!lA07 -2Ü.Û80 '1.0·10 4:ï.Û:l0 - 7.'140 -0:15û 

1 '~PPJl 4Û.SÛ:l -15.385 0.ÛG2 28.00S - 8.351 -O.OM 
n te :1·1.8401 -15.003 1.715 14.157 - G.23ü -0.03û 
C trtrtm 5G.G22 -IÛ.I10 1.31Û '14.'1G5 -20.880 2.1G!l 

* Th" <x, (J and l' are parnmeters of tho 1 vi eq. (8) and tho 0, 1> and C belong to the oq. (Û) 
for E v/. In tho ease of the to valenco states tho parnmeters wero ealculul.cd for tCi whcro 117' = 
1/. + n, + n",; in tho 8]lPIJ valence stato tho parnmetcrs aro for 11/ whol'O nT = n% -1- nf, und 
1/~ uB8ullled a lono pair 8 orbital; in trtrtm the purnmetcrs are for n/ and n7' = n:,' + n:r + n;:' 

Group 01'1 

(Xl> (J) ote. will bo obtained doponè 
n~·. 

Eqs. (8) and (ü) al'O subjoet to c 

must have the samc hybridization 
represonts an 8 orbital, tho value c 

from that for nk = 0, ni = n lll = 1 
nk -1- nl + nm, since ta oxpress Iv} ( 

find thc valuo of It'} (or Ev}) for n~ 

I:Y for nk = nl = 1 

1~~) for nk = nm = : 

which gcncrato two different para 
tho 1) electron in orbital j difforent] 
for tho 8PPP valcnce states of SOy~ 

Expl'cssing Ev] and Iv} in the f 
Principlo of Elcetl'onegativity E 
chargo distributions in 1l10leeulos j 

ho illufltmtod hy llll OXIH11-

plo Bueil as CH3NH2, in 
which aIl tho carbon and 
nitrogon bonding orbitaIs 
arc totmhedml, and tho 
hydrogen orbitlds aro 
atomic 1s orbi tItIs. Tho 
atomic orbital chargcs arc 
donotcd by nA, ?LJJ ctc. as 
in Fig. :3. An itcrativo 
computcr progl'ulll is usccl 
to ealculato tho equili-
brium chargo distribution 
fol' which tho bond cIec­
troncbO'ativities Xcqu of the 
two orbitaIs fOl'ming tho 
bond are cqual: 

G 

l'jg.3. 

1. Tho ehargo nA is chosen t( 
calculatcd from 

2. 'l'ho nitrogcn orbit~i oleetr 
troncgativity ir. tho NIl bond 

'l'ho XA for hyclrogon is ealculat C'lu 

from a provious paper [1]. 
3. Substituting eqs. (8) and (9) 

tion of ng.> : 

bD = (1.5 (Xil - 0.5 On) -1- (1.5 t 
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Cn = 0.5 (on - (Xn) + 0.5 (nW)J (en- (Jn) + 0.5 (ng.»2 (Cn - yn) (IV) 
",boro lIW = n)~) + ne. 

Sillco nn and xJ:11l 11,1'0 lmown, nW, can bo calculatcd from III. 
'.1" III a symmctrical molccule, su ch as tho above, nll> = nn hcnce 

ne = n&V - nn . (V) 

Tho fil't;t bond of the molccule is now fully analyscd on tho busis of tho iilitial 
choioc of nA. Considor noxt the ON bond. 

5. Iv, anù Et'e are ovaluatcù in tCl'ms of the lmown n~), dofincd by 

n~) = 2nn (VI) 
amI wi!'d to givo be, Cc anù X~(jll' 

Ü. '.l'ho rOlUaining stops arc tho SlUue as soctions (3) and ('i) above, anù yield 
'IlW. Sinco 

thon nB is found. 
7. nJ" is found from nB + np = 2. 
8. X:'~III is found by t.ho proccdmo uscd to find X~qll' 
n. X~';III is ovaillatoel with bp anel Cp from the publishcd [1] values fol' hyelrogcn. 
10. If X~J\1 :j: ï.~';11I the original choice of nA is incorrect: a now value of nA is 

ellOtlO!1 llHing thll l'not tlmt if X~~\1 > X~~I\1' th en the now valuo of nA must bo loss 
than r.l1O starting ohoioo of nA, and vico vorsa. 

11. Whon 1 ;d~11I -. ï.~';lu 1 < 0.001 tho molcoular chargo distribution is soIf 
cOllsistcn(;, alld t,]w iterat,ions couso. This pl'ogrlUnmo was writtcn in Fortran IV 
for thll :McGill 1 g;U 70·10 computcr. 

ltmmUs 
Tho chargo distributions of scvcral orgmlic molcculos aro givon in 'l'ab. 3--5. 
ln ehlol'ine eOlltaining eompouncls, lIO ct priori aS:iumption of tho hybriclization 

pn,som in t;!l0 chlorillo bonding orbital can bo made. Combining tho present lllcthocl 
wiLh lluoloar <lllildrupolo rosonanoe thOOl'y n,nel data [12] gives an cstimn.to of the 
alllollnt of 8-]> hybri<li~,1tion in the chlorine bonding orbital, sinco e, the ratio of 
the llucle/Lr qlla<ll'llpolo couplillg constant of a chlorino atOl11 in a moleculo to that 
of !L l'l'CO ehlorillo atolU, is roh.ted to 

(I) thc ionic charactor i = 1 nel - 1 1 of tho C-Cl bond. 
(II) tho OxtOllt of 3 and d hybrielization of tho chlorino bonding orbital - 8 and 

Il respootivoly 
,llld (UI) tho oxtent of n elcetron transfcr from tho chlorino Pli orbitaIs to tho 

eal'bOll p" orbitaIs. 
'l'11O rolation is 

e = (1 - 8 + d -- i -n ) + i (8 + d) (10) 

ln tho aliphatic chloriùes both n and cl aro assuu.lOcI [12] to be vory small giving 

e = (1 - i) (1 - 3) (11) 

Sinoo e is lmown anù i anel 8 aro rolated, this cquation is solublo. 'l'he parameters 
of tho elcctroncgativity oq. (1) lmvo been calculatcel fol' several hybriclizations of 
thc chlorino orbital [1], anù tho olcctron chargo distributions of tho alkyl halieles 
n,nel ionic charactor 'i of the C-Cl bond, wcre solvoel for oach hybl'idization. A plot 
of i vcrsus 3 is a straight lino (Fig. 4, CUl'VO [1]). 

T!tblo 3. Olwl'(fc lli, 

Compound 

HS"-H 

HaSi"-H 

HaC"-H 

H3C--DC"-Ha 

Ha CCc-DC"-Ha 
1 
H2 

Ha-cC-DN "-H 

(CHah C--"CA-I 

HC=C"-H o A-II 

'l'ablo '1. Thc lac 1 

l\Iolcculo 

CCli 
CHCla 
CH3CI 2 

CHaCl 
OH I 

CHaOH" 
(CHa)3CH2 

(CHa)2CU2 
CH3CH2Cl 

OHaCU20l 
Tho dottcd Cn! 

a LAU'l'EIŒUn, 

b HOLM, C. H. 
c SPLESEOlŒ, l 
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Tl1blo 5. 'l'hc hybriclization of thc chlorine bondiny orbital and the clutrye distributions in scvcml 
alkyl ch/or ides 

:Uolcculc SC! 11C! 'III! pep, 

OCII 0.201 LOn 0.7,106" 
CHCI" 0.203 '1.12,1 0.S'13 0.6081" 
Olr~CI~ 0.20,t '1.176 0.8SS 0.6550· 
CH"Cl 0.107 1.228 0,036 0.6207" 
CH: 0.OS5 
CH"CH" 0.OS2 
CH~ClCH~Cl 0.100 1.217 0.023 0.6262 b 

CHCI/JlICI~ 0:10·1 1.147 0.870 0.6873 c 

CCl3CCIJ 0.180 "1.087 0.7413" 

1 
SCI n,j nll 

1 
ne nD QC!" 

CIA 

1 
H"D_C_CC_llH

2 0.2103 1.2·10 0.026 1.070 0.068 0.506.0° 

HJD_O_CC-lJH 0.210 1.183 0.800 1.133 0.955 0.6'i53b 

,\ ~ 
1 013 1 

H3n-C-cC-A CI" 0.20,1 i '1.131 1.193 0.943 0.6014b 

" LrvrxGS'l'Ox, R: .r. Physic. Chcm. 57, ·ln6 (Hl53). 
b LlnXnS'l'Ox, R: J. chcm. Physics :!O, 'll70 (t052). 
c HOOl'lm, H. O., und P. J. Bl\AY: J. ChOlll. Physics :la, 335 (1060). 

. A second plot of i vcrsus 8 can be made from cq. (H), and this is a curve; the 
two eul'vcs cross at <t unique i and s fOl' the system. 'l'Ilis value of s is thcn uscd to 

50 -
clctcrminc thc charge distributions of 

/" /' the rcmaining orbitaIs. Chargo distri-

"",'10 -
~ 
~ 

butions and orbital hybridizations for 
sOllle alk.)'1 halidCi:l arc gi ven in Tab. 5. 

<::l 30-, 
~ 

0.2 0.3 
s-/iybrirl;j(]lion in Cl 0' orM(]/ 

l'~h~. ·L Plotu of Ionie cllaractcr, i vcr~HlH the 1l1l1011Ut of 
.·hybrlilil."tlollin (he chlorillc" orbitais. [1] iH calcllla(. 
t~d CrolH llllclrar ijUnllnlllolc rcsollanco data atHl 
Q '0' (1 - i) (1 - s) whcro i = 11lcl - 11. [21 Is 
calculatcù f,:'\)1ll tho clcctrollcgatlvity cqllutiou 

x: ~ b; + 2 C; ,,; 
wlth varlou" ClHHUIIlCd hybridlzntlonH. Whero tho Clirveti 
[1] Ilml [21 crOHS the i and s vulues arc uulquo; tho 
chargo dltitributlous uru culclliated uslull thestl vnlues 

of i uud 8 

llydrocal'bons 
'l'hc charge distributions of the h.)'­

dl'Oeal'Lons ('rab. 3) inùicate that the 
polarity of thc C-II bond is 2%, 7% and 
12%, for nJiphatic, cthylenic t1nd aeety­
lenie carbon atoms rcspectively; in cach 
case tho c~rbon atom bears a small 
ncgativc chargerelativc to thefrce atom, 
l1grccing with the cxperimcntal evidence 
of increased acidity in this sorics. 

This charge, 0.0610 in methano, is 
appreeiably smallcr than those calcu­
latcd by HOl'Fl\fANN [5] using MULLI­

lŒN'S concept of gl'OSS atomic popula­
tions. In this approaeh tho charge resid-

ing on tho carh 

QJ.; = [Gross 

whero tho Gross 

2 
whoro thcra is t 

t 
a 

and thc first tcr: 
aecond torrn alw 

HOFFMANN, whi 

SGOBE rnethoc 
in rncthano and 
methods agree ( 
mole cul cs, and t 
Qu, and both al 

Both methol 
ular orbital trc 
rcsults best apl 
culo . 

'l'ho oxtcnd. 
high bond pola 
rcpulsion tOl'ms 
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The same hybridbmtions were assumed to hold for the methyl dorivatives of thcso 
hydrides. The order of tho R-H bond polarities for both the hyd.ridos and their 
methyl derivatives is the same as that derived from the AEC using Pauling'l:l 
electronegativity values [6J, namely 

X~;r order is 0 > N > S > C > Si 

Comparing the polnrity of the R-H bonds with the eorresponding methyl 
derivatives, shows that for R, N, 0 or S replaeing hydrogen by a -CHa group rosults 
in a mnallcl' positive charge Œl the hydrogen atom of the R-H bond. This eorro­
sponds to the positive inductivo eJfcct of thc methyl group in organic ehcmistry [2J. 
The only exception to this effcct is in mcthano, whcre replacement of -H by -CHa 
resultg in [l, very slUnll withdrawnl of electron density from the hydrogen orbital. 

Thi:; sligh~ rlcc~ron-feeding ability is also ellcountered in the alkyl chlorides 
('l'ab. ,1). 'rhus in CHaCl, CHaCHzCl; CHzCl2 and CHaCH C!2 the bond polarity 
of the CH bond iIlustratcs this effect. The SGOBE method's prediction this effect 
shows that it ovcrcomcs the dcfccts of previous approximate group electroneg­
ativity trcatmcnts, whieh usmtlly assume [13] that ' 

"At = ~ "At + ~ ["At + "At + "At] 
"ClI, 2 "0 6 "II "II "II 

amI XMt, > xN Hinoo Xn t > xN. 'l'his londs to lt lm'gor bond poll1rity in any 
polarity versus change in electronegativity relationship, and the :CHa posscsscs a 
ncgntivc inductive cffect. 

General 

AWlOUgh no dircct mcthocl is avnilable to check these ealculated molccular 
charge distributions, it is possible to correla,te them qualitrLtively with empirical 
lllcthods, which mensure physical propcrties dcpendent, in part, on the orbital 
chargeS. 

a) jlIolccular Di'pole .111 oments: the pamffin hydroeal'bons possess zero, or 
almm;t zero, di pole moments [2J whethcr symmetricrLI or unsynunetricnl; this is 
sulmtnntiatecl by the present rcsults where the charge distributions for atoms in 
the molecule arc finite but small in their differcnce from the freo atomie stato; 
thc extendecl Huckclrcsults arc mther difficult to fit into this low dipole momcnt 
picturc, since the large deviation of orbital chargo from unit y would yield rather 
large dipole momcnts in somc unsymmotrieal paraffin hydrocl1rbons. 

Similarly in thc nlkyl chlOI'ides, inorganic halidcs and methyl derivativcs, tho 
charge distributions agrce with the current qualitative picture fol' the molceular 
dipolc moment:- [2J: ' 

1. In aIl earbon-ehlorine bonds the chlorino is more negativo and the carbon 
more positive than in the free atomic case 

",~[ol > 1,AtJ" ",]1[01 < ",At1 
'"'l' "l' VI , '·'x '"'1' C . 

2, The ehnrr'1 (lensity on ntoms or groups bound to a ehlorinated carbon will 
be clrawn slight,y townrd tho positive centrc, carbon, resulting in a higher separa­
tion of positive and nogntive charge centres, and inereased dipole moment, as in 
tlHl l1l0leculcs OB'1 and CHaCl where the 1s orbitaIs of hydrogen have an effective 
chargc of D.DS5 ancl O.D3G rcspcctively; thus in CIraC! there is a charge transfer to 
the central carbon atomic orbitaIs, from the H 1s orbitaIs: 

3. The vnlence 
distortccl by the nev 
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an effcctive chnrge ( 
joining to CH2Cl. W 
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'Vith suell a fixed hyhridizl1tion of tho ohlorino bonding orbital, it is possible 
to predict unknown n.q.r. frequeneios ·for 3501 in alkyl hl1lidos, by assuming 
8 = 0.2 and ealeulating, iC-Cl frOID tho SGOBE method and honee e. Thus the 
n.q.l'. 3501 froquencies of OH0120Ha01 are expoctod to be 35.12 and 36.76 Mes 
l'(]spcc~ivcly at 77 OK. 

Ac1:nowlcdgcments. We wish to thank the National Researoh CounoU of Canada for finan. 
oial aid for this l'osoaroh. N. C. B. wishes to thank the CounoU fol' the award of a Studentship 
for '1!l6-i-l065. 

References 
[1] BATHD, N. C., and M. A. WIIITEIIEAD: Thooret. ohim. Aota 2, 250 (1064). 
cg] GOULD, E. S.: "nfoohanism and Sbruoture in Organio Chemistry". New York: Holt, 

Rinehart and Winston 1050. 
[3] HIX~Œ, J.: Ph. D. Thesis, University of Cincinatti (1062). 
[.J] -, M. A. WlIrrEIIEAD, and H. H. JAlJ'lJ'N: J. Am. ehem. Soo. 85, 148 (1063). 
[5] HOInmANN, R: J. chem. Physios 30, 1307 (1063). 
[G] PAULIXG, L.: "Nature of the Chemical Bond", Corl)lell University Press, 2nd.. Edition, 

Ithaca, N. Y. 1048. 
[7] I)OPL1~, J. A., W. G. SOIINEIDER, and H. J. BERNSTEIN: "High-resolution Nuoloar nfag. 

ne tic Resonance", New York: lVIcGraw-Hilll050. 
[8] PRrrcIIARD, H. O., and H. A. SKINNER: Chem. Revs. 50, 745 (1955). 
[9] SANDEHSON, R. T.: Science 114, 670 (1051). 

[10J SLA7'ER, J. C.: "Quantum ThcOl'y of A llnio Struoturo" Volume 1, New York: McGraw. 
Hill 1060. 

[11] S'l'REI'l'WmSER, Jr., A.: "niolocuiar Orbital Thoory for Organio Chomists" New York: 
Wiley 1061. E: 

[lg] TOWNES, C. H., and B. P. DAIIJi: J. ohom. Physics 17, 782 (1040). 
[13] WIII'l'EI1ELW, 1\'1. A., and H. H. J'AL'm~: Thool'et. oh.im. Aota 1, 200 (1063). 

(Rcceived November 30,1964) 



COULOMB I> ARAMETERS IN SIMPLE HUCKEL AND OMEGA 

TECHNIQUE MOLECULAR ORBITAL METHODSI 

N. C. BAIRD2 AND M. A. WHITEHEAD 

Tlzcorctieal Clzcmistry Laboratory, Clzcmistry DepartmclIt, MeGill Univcrsity, MOlltreal, QI/cbce 

Reccived May 2, 1066 

ABSTRACT 

The well-known similarities of the simple Huckcl and omega technique molecular orbital 

procedures for pi electrons to Pople's self-consistent field method arc extended by considering 

systcma tic approximations to the latte:. From the relationships found, Huckel-metho~ Coulomb 

intcgrals ancl omega values for a vanety of atoms (Be, B, C, N, 0, F, Mg, Al, SI, P, S, CI, 

Gc As Sc Sn, Sb, Tc) arc c1erivccl. The Huckel ancl omega Coulomb integrals arc shown to 

be ~Iire~tly' rel~tecl to a reccnt definitioll of orbit.'1l c1ectro!1eg~tiv!ty. 'fhe.ability of the omega 

techniques to llnprove upon the Huckel-method charge dlstnbutlons IS dlscussed by use of an 

arbitrary but typical cxamplc. 

INTRODUCTION 

Semi-empirical pi-eleetron 1110leeular orbital methods, using atomie orbitais as a basis 

set, continue to be extensively employed in discussions of the structure, stability, re­

activity, and spectra of conjugated organic molecules. Three su ch procedures, the Pariser­

Parr-Pople method (1-3), the simple Huckell11ethod (4, 5), and thc "omega" technique 

(5, G), have been widely applied to sueh problel11s (3, 5). The cvaluation of the necessary 

secular determinant matrix clements for the latter two methods is usually empirieal, 

although attempts have been made to estimate the Coulomb integrals from electro­

ncgativities, atol11ic spectral data, and the paramctcrs or results of the Pariscr-Parr­

Pople technique (7). 
In the present study, the well-known similarities among the Huckel, omega, and 

Pariser-Parr-Pople methoc1s will be considered in some detail, and extended. In partic­

ular, quantitative relations between the Coulomb parameters of the three techniques 

will be derived, and these relationships exploited to provide theoretical estimates of the 

Coulomb integrals for a wide variety of atoms. 

THEORY'AND DISCUSSION 

Ali the moleeular orbital procedures to be discussed consider only the "pi" eleetrons 

oi eonjugated molecules. The one-eleetron molecular orbitais OVIOs) t/tl for such electrons 

are approximated as linear eombinations of atomic orbital" (AOs) cp,,, with coefficients 

Ci" determined by an energy minimization process; thus 

[1] 

The total clectronic wave function representing the ground state of a c10sed shell of pi 

electrons in a conjugated molecule can normally be accurately expressed as a single 

Slater determinant of the occupied MOs t/tl' Pople (2, 8) introduced a simplified self­

consistent field procedure to deal with sueh systems. Various systematic approximations 

were introduced by Pople (neglect of differential overlap, treatment of the sigma cleetrons 

IFillallcial support of this work is by thc Natioual Rescareh Cortlleil of Canada. 

~IIolder of N.R.C. Postgradl/ale ScholarshijJs 10BS-l0G(]. 
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as a non-polarizable core, approximation of certain integrals, etc. (2, 3, 8» which reduce 

the elements of the F matrix of the secular determinant. 

[2] det 1 Fu. - ES".' = ° 
to the form 

'[3J F.", = u,/U + }P,m"l,," + L: (P ww - ZW)"IUID 
fo;éll 

and 

[4J 
(u ~ v), 

whcre the bond-order matrix elements p". are defined as 

[5J 

the summation i being over the occupied NIOs only. With the approximation for the 

overlap integrals Su. that 

[6) Su, = liu. = 1 if 1t = v, 

= ° if 1t ~ v 

the diagonal elements Pu" of the bond-order matrix P may be identified with qUI the 

total pi-electron charge density in AO u, 

[7] {j" = P,m' 

In [3] and ['1], the Zw represent the pi-electron core charge of the atom associated with 1 

AO ~iJ, and in neutral molecules this is equal to the number of pi electrons (0, l, or 2) 

contributed by AO w to the pi system. The ')'". (and "Ilm) are the two-electron repulsion 

integrals 

[8] "lu. = J J c/>u*(1)c/>v'"(2) (l/rd cPu(l) c/>.(2) dr(l) ch(2). 

The one-center repulsion integrals of [8], "I,w, are normally approximated as (l, 3, 8) 

where 1", A" are the valence-state ionization potential and electron affinity of AO u. 

The core integral UIlU is associated with the ionization potential lu by (3, 9, 10) 

[101 Uu" = -1". 

The core resonance inter;ral I:I". is nonnally obtained empirically. 

Substitution of the relations [7], [9], [10] into eq. [3] for 1~1lI gives 

[11] FUll = -1" + ~~q"(I,, - A,,) + L (qw - Z,ohuw, 
Wr'u 

which may be rearranged, by use of the core charge Zu of AO u, to give 

[12] FUll = [- lu + ~Z,,(Iu - Au)J + [}Cq" - Zu) (I" - Au)J + [L (qw - Zwhuw] • 
w;o!u 

This can be shortened to 

[13] Fu" = .l(u) + K(u, qu) + L(u,(jw) , 

------ ---~---.--~-~------~---------~------~--------------
-----

i:1 which J, K, L 1 

side of [12]. 
The term J(u) 1 

aIl the AO 1t c1w 
Z ("neutral" AOs 
. The term K(1t, ' 
111 AO u. 
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other atOll1ic orbit 

In the simple (r 
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these methods, the 
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[14] 

[15J 

Bere HottO is an "eJ 
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that 
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The quantitative 
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[18J 

[i0J 

to give 

[20J 
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(c) For nearest neighbors 1t and v, F"v can be expressed in terms of Fcc" the nearest 

neighbor F,," for the ground state of benzene, thus 

[23] 

where Il,," is an empirical constant for the pair u, v.· 

Since for neutral molecules 

[24J 
ID 

approximation a would be exact if aIl the E"ID were identical, I.e. 

[25] tul = éu2 = = €uu = €. 

In this case the equation reduces to 

[26J 
ID ID 

The equalities [25J are usuaIly incorrect for real systems; however, the EUID for small 

ring systems are aIl of the same order of magnitude. In benzene, for example, Pariser 

and Parr's (1) empirical 'Y"u, 'YU" integrals give E"ID for 1t = 1 of 

E11 = 5.3 eV 

012 = E16 = ·7.3 eV 

E13 = t15 = 5.5 eV 

tH = "1.9 eV 

i.e. all Eu.o = 6.1 ± 1.2 eV. 

Approximation b is not a dl'astic one since in the Pariser-Parr-Pople method, the 

off-diagonal Jt~lV for non-nearest neighbors are assumed to have Hu" = 0 (l, 2, 3). The 

remaining tenu -- Pli V Euv, of FlIv would be expected to be smaIl in most cases. 

The Fllu for method A is then simply J(u) of [13], or 

[27J 
, (A" - III) [ J

1 

Fllu = - III + ZII 2 . 

The term in squarebrackets of [27J corresponds exactly to the orbital electronqiativity 

x" of the "neutral" AO 1t using the "molecular orbital" definition of bond electro­

l1egativity (11). Three neutral orbital cases are possible, corresponding to vacant, singly 

occupied, and lone-pair atomic orbitaIs, 

[28] 

[29] 

[30] 

F.m (ZII = 0) = -1" = -Xli (ZlI = 0), 

F.m (Z" = 1) = - (l" + A lI )/2 = - Xli (Z" = 1), 

F"" (Z" = 2) = -A" = -X" (Z" = 2). 

Coulomb integrals have been previously associated with orbital electrol1egativities for 

singly occupied (Z" = 1) AOs (3, 12, 13) and the above relations show the association· 

ta be a general one. 

N umerical values of the tenus J(u), evaluated from the valence-state energy data of 

Hinze and J affe (14) for a variety of atoms which could use Pli" AOs in a conjugatcd 

network are listed in Table 1. The J(u) are in electron volts, whereas in simple Huckel 

._------~------------.-
---

Valence 
state of 

.-\ tom core Zu 

ne dPdi l 0 
13 tri tri tri 0 
C trltrltrl 1 
N trZtrltrl 1 
~ trI trI tri 2 
0 S'p'pl 1 
0 SZplpl 2 
F S'p'pl 2 
Mg dildil 0 
Al tri trI tri 0 
Si tri trI tri 1 p .tr't,ltrl 1 p trI trI tri 2 
S S'pZpl 1 
S S'pIpi 2 
CI s'p'pl 2 
Ge trl trltrl 1 
1\s tr'trltrl 1 
Se S'p'pl 1 
Sn trltrltrl 1 
Sb tr'trltrl 1 
Tc S'p'pl 1 

*'AII ~ncrgy data and p<lramctl 
tAI! yab!cc "tatc energ}' <lata 
:]:Aroltranly chosc" (sec text) " 

methocJs it is conventi 
Coulomb and resonanl 
expression, 

1311 

wh cre .T(C) and Fcc' 
From [311 

[321 

which requires the num, 

for the nearest neighb< 

[:33] 

For this case, Pcc' is : 
bccomcs 

The core resonance in tee 
of benzene. From the ~ 
lIcc' = -2.39 eV; fron 
obtain -1.75 eV, and 

-1.92 eV. The observed 
can be used to derive H. 
ubove is th en -4.82 _ , 
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The correspondence between method A and the simple I-Iuckel method can now be 
demonstrated by showing- the one-to-one relation between Huckel hu values obtained 
empirica11y and the /z" calculated by [32] from the valence-state energy data. The only 
difficulty in such an analysis is the choice of appropriate I-Iuckel /z" to be used. For the 
purposes of this study, the consistent and widely used "best" values listed by Streit­
wiesel' (7a) have been adopted. The correlation of these lt" with the term (J(u) _. J(C)) 
is given in Fig. 1. The correiation line is excellent, considering that the "best" lzu are 
only estimated to within ±O.25.* The slope of the line, -4.23 eV, is within the range 
of the estimates of Fcc' given above. 

3 

2 CIO 0 0 (2) 

N (2) 

OU) 

NO) 

.0 c 

-IL-~~~' __ B~ ________ ~I ____________ JI~ __________ ~I~ __ __ 
+5 0 -5 -10 

J(U) - ,I(cl 

FIG.1. Plot of J(u) - J(C) against the ernpirical Huckelltu • NOTE: The integcr in brackcts following the 
atomic syrnbol rûprûscnts the core charge Zu for atorns having more than one value of Zu listcd in Table 1. 

The quantitative correspondence between the theoretical and empirical /z" gives some 
insight into the nature of the efiective hamiltonian Hello of [1'1]. The Hello corresponds 
Lü the Pople-method hamiltonian for a molecular charge distribution in which a11 the 
pi atomic orbita!s are neutral (i.e. a11 q" = Zu). From this elucidation, the I-Iuckel hu 
for a variety of at01l1S not considered by Streitwieser may be calculated. These h", eva­
luated using Fcc' = -4.23 cV, are listed in Table r. 

Certain trends in the h" are evident: 
(1) Atoms of Groups 2 and 3, the p;r AOs of which are norma11y vacant, have very 

low h", of the order of -1. 
(II) Group 4 atoms have /Z" close to zero. 

(III) Group 5, G, and 7 atoms display a wide range of /Z" depending upon Group, 
Period, and pi core charge of the atoms. although in general aIl the /Z" are quite 
high, and for a given atom lzu (Z" == 2) > h" (Z" = 1). The tenu for sulfur 
(Z" = 2) is close to that of nitrogen (Zu = 2) as anticipated (7a). 

AlI the atomic energy terms used in the d<:rivation of the J(u) values in Table l were 
obtained by assuming that the sigma-bonded AOs of the valence she11 were "neutral" (that 

"T'fC exc~llqllt correlalioll oblaincd lIlay bc duc 'in part to the use of atolllic and 1II0lccular ioni::;ation po/cntial 
data 'In dcrlVwg SOIllC lIuckel h" which ~uollld havc been cO/lsidcrcd in arrivillg at thc "bcst" vaIlles. 
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and el11pirical Coulo 
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[35] 

[3G] 

[37] 
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(38] 

whcrc w is an cll1pirica 
Dy analogy \Vith the 

expression [13] will be 1 

Approximations band 
The approximation t, 

t~rm L(u,q1D) of (13] is 

~3D] 

Dy rctaining the definit 
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UO] 

whcre 

Equation [-10] may be 
(see (39]) of eq. (11] giv 

['12] 
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The term of [.J:2] in square brackets represents the molecular-orlJital definition of the 
bonc! e1ectronegativity function for AO 'lt (11) with charge density q". The method B 
Coulomb intcgrals are th en directly associated \Vith the bond electronegativities of the 
pi ..-\Os; in methoc! A this association held only for the "neutral" orbital electronegati­
Vilics. Klopl11an (13) has previously noted the correspondence bet\Veen electronegativity 
am: Coulomb integrals in omega-type methods. 

13y use ai the value of Fcc' from method A of -,1.23 eV, the terms w" for various 
<lLOmic p~ orbitaIs u may be evaluated (eq. ['Hl). These parameters are listed in Table 1. 
Empirical values of W for carbon have ranged from 0.:33 ta 1.8 (7a), but the \Vidcly uscd 
anc! "best" value is Wc = 1.'1 (G, 7a, 20). The theoretical value of Wc in Table l is 1.32, in 
excellent agreement with the empirical result. Although Pritchard and Sumner (19) derivcd 
q uite cIifierent W" for different atoms, the w value for aU atoms is normally taken ta be the 
S<lmc as tInt for carbon (G). The widely cIifferent w,,'s for different atoms (and different 
Z,,) Iisted in Table l indicate that this extension is not j ustified. 

\Vithin each Period, there appears to be a good correlation of w" \Vith h,,, W" generally , 
iacreasing \Vith atomic number. Within each Group of the Periodic Table, W" decreases 
as the atomic number increases. For atoms \Vith different possible pi core charges Z", 
W" for Z" = :2 is greater than that for Z" = 1. 

The relation between w" and lz" for the first Pel'iod atoms (except Bet) is illustrated 
in Fig. 2. This relation may be expressed as 

[·13] w" = OA5Jz" + 1.30• 

oF 
2.5 

o 0(2) 

2.0 N(2) 

o 0 (J) 

1.5 
o N(I) 

c 

08 

o '2 3 

FIG. 2. Plot of Wu against hu for atoms of the flrst Pcriod. 

tThc Group :J clell/cnts for tl/Cfirst and second Pcriods fait sigllificaully off the corre/atiol/tillcs. 
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system \Vas chosen and calculations \Vcre performed to esta.blish the exten~ ta \Vhich 1 

the omega technique improved the 1-Iuckel 1',," parameters, dunng the self-conSIstent field: 
calcubtions, to\Vards those required by Pople's method. ,_ 

The example used is a six-membered ring system containing five carbon atoms, each : 
havirig a Pli' AO (\Vith !tu = 0), and one conjugating heteroatom, X, \Vith !xx = 1.0. The: ' 
pi system of the molccule is assumed to contain 6 electrons, and ail nearest neighbors are: 
assumed to have Fu" equal to that of benzene. For simplicity, the geometry of the ring !. 
is taken to be identical to that of benzene, and the heteroatom X is assumed ta have i 
aIl "lux equal to those of the carbon atoms. The values of the latter integrals were taken 
from Pariser and Parr's paper (1). 

1 

:0 
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FIG. 3. 

The simple 1-1 uciœl charge distribution based on these assumptions is given in Table i 
II. The AF"" listed in the remaining columns of Table II corresponds to the differenccs; 
bet\Veen JCu), the simple 1-1uckel Fut" and the li'"" for the various methods calculated onl 
the basis of the 1-1uckel charge distribution; ,! 

.6.1',,,, = FUll - J(C). 

The .6.1'.,"'5 corresponding to the omega technique (colu!11n ·1 of Table II) bear littlc 
rescmblanœ in sign, magnitude, or relative order for the clifferent atoms to those required, 
by the Pople method (column 7) for the sa me 'charge distribution. The correspondencc: 
between the omega 1:11~m and the Pople 1:11',," is not substantiallY improvecl by adding 
nearest-nci;.-;hbor terl11S (column 5) and 11rst and second nearest-neighbor tenus (colul11n 
G) to the .6.1'"" of the omega technique. The inclusion of the first, or first and second 
nearest-neighbor terms has been previously suggested (21, 23) as a means of improving 
the omega technique. The simple I-IuckcI .6.1',,", ail zero of course, are actually closer to, 
tllOSC oÎ .)op!e's method than arc the /).1'1111 of any other of the techniques. 

Sincc dl.:! second iteration Fu,,'s of the omega techniques are not alterecl from the I-I uckcl 
.~ ... /s in evcn qualitative!y the same manner as those in the Pop le method, it is difficult 
Lü sec why the self-consistent field charges of the w methods represent an improvement 
over thosc of Ihe I-Iuckcl method. The w technique will have the e{fect of "smoothing 
out" the net excess charges calculated by the I-Iuckel method, but will not necessarily 
Icad to any improvemcnt in the relative order of charge clensities among the atol11s. 
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