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The extended Hfickel theory (EI-IT) is used to calculate the charge distributions in alkanes, 
halogenated alkanes, and molecules containing methyl and vinyl groups. The charge densities 
are correlated with laC, alp, 19F, 3'~CI and 1H, chemical shifts. The correlations are discussed in 
terms of the a and fl used in the extended I-[fickeI method, and are compared ~o the results of 
the self-consistent group orbital and bond eleetronegativi~y (SG0]BE) method. 

La th6orie Hiickel 6tendue (EHT) est employ6e pour calculer les distributions de charge 
des aleanes, des alcanes halog6n@, et des mol6cules avec des groupes m6thyle et vinyle. Les 
densit6s de charge sont corr616es avee les "chemical shifts" de 13C, alp, 19F, asC1 et 1H. Les 
corr61ations sont d6crites en termes du a et du fl employ6s dans la m6thode Hiickel 6tendue, et 
elles song comparges aux r6sultats de la mgthode autocoh6rente des orbitales de groupe et de 
l'61ectron6gativit6 des liaisons (SGOBE). 

Die erweiterte Hfiekel-Theorie (EHT) wird benu~zt, um Ladungsverteilungen in Alkanen, 
halogenierten Alkanen und Molekiilen mit Vinyl- und Methylgruppen zu berechnen. Bezie- 
hungen zwisehen Ladungsdichte und chemischer Verschiebung von 13C, 31p, 19F, asC1 nnd 1H 
werden aufgestellt. Die Beziehungen werden in den GrSBen cr und fl der erwciterten Hiickel- 
Methode diskutiert und mit den Ergebnissen der SGOBE-Methode verglichen. 

I. Introduction 

Recent ly ,  s imple calculat ions of  the  ~-eharge d is t r ibut ion ,  in po lya tomie  
molecules,  have been made  b y  two fundamen ta l l y  different  methods  : the  E x t e n d e d  
t I / icke l  Theo ry  [9] (E t IT)  method ,  and  the  Self-Consistent  Group Orbi ta l  and  
Bond  E l ee t ronega t i v i t y  [44] (SGOBE) method .  Bo th  methods  arc dras t ic  approxi -  
ma t ions  f rom full self-consistent  molecular  orb i ta l  calculat ions.  The approx ima-  
t ions i n v o l v e d  in the  E H T  m e t h o d  are s imilar  to  those in the  Hfickel  m e t h o d  for 
~ - sys tems  [29], while the  re la t ionship  of  the  SGOBE me thod  to a MO t r e a t m e n t  
will be discussed in  ano ther  paper  [1]. Since SGOBE charge d i s t r ibu t ions  have  
been successfully cor re la ted  wi th  carbon [44], p ro ton  [11, 43] and chlorine [45] 
nuclear  magnet ic  resonance chemical  shifts, i t  was decided to  examine  the va l i d i t y  
of  the  E H T  charge d i s t r ibu t ions  b y  a t t e m p t i n g  to  correlate  the  charge on a toms,  
in  several  series of  molecules,  wi th  the  chemical  shifts  of  the  corresponding nuclei. 
A l though  chemical  shifts depend  on o ther  faetors  besides charge d is t r ibu t ion ,  
accepted  theories  of  chemical  shif t  i nd ica te  t h a t  wi th in  cer ta in  series of  molecules,  
the  charge d i s t r ibu t ion  should  be the  d o m i n a n t  fac tor  de te rmin ing  shifts,  which 
m a y  therefore  be used as a measure  of " e x p e r i m e n t a l "  charge d is t r ibut ion .  

3* 
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II. Extended Hiiekel Theory 
"Extended Hfickel" [9] is the term applied to Hfickel-like calculations extended 

to include both a and ~ electrons. The method has been extended in this paper and 
both the original method and the changes will be described. 

LCAO-MO calculations on saturated molecules [3, 37, 47] were performed 
prior to HOFrMA~ [9], but  the interactions between non-neighbouring atoms, as 
represented by the overlap and resonance integrals between pairs of atoms not 
directly bonded, were omitted. 

The E H T  method is an LCAO-MO theory with a basis set consisting of a is  
Slater orbital on each hydrogen atom in the molecule, and 2s and 2p Slater orbitals 
on each carbon, boron and nitrogen atom [9]. The complete overlap matr ix  S for 
this basis set is computed using the overlap integral formulae [28] for Slater 
orbitals. The coulomb integral Hrr for each atomic orbital is taken as the valence 
state ionization potential (VSIP) of tha t  orbital in the free atom, and the resonance 
integrals Hrs as 

Hrs = 1.75 Srs (Hrr + Hsa)/2, 

where Sra is the overlap integral between the r th and s th atomic orbitals. All 
neighbour and non-neighbour interactions Srs and Hra are included so that  con- 
formational effects can be computed. The variational matr ix  equation 

HC = SCE 

is solved by  LOwD~'s  method [21]. The solution of this equation provides orbital 
energies and LCAO coefficients of the molecular orbitals, subject to the assump- 
tions of the Hfickel approximation [29]. 

An estimate of the molecular charge distribution is obtained by  performing a 
Mulliken population analysis [27]. In  this method of analysing LCAO-MO wave 
functions, the gross atomic charge on the k th atom is defined as 

o c e  

Q7r N ~  • 5 ~-~(i) Cir zcis t~qr~st 

and the overlap population between the k th and/ th atoms, a measure of covalent 
bond energy [9], as 

o c a  

Skl= 2 Z Z ~ N(i) Cirz Ciar Sr~ s t .  

In  these definitions/V~ is the number  of valence-shell electrons on the free neutral 
atom, cir~ is the coefficient of the r th atomic orbital on the k th atom in the ith 
molecular orbital, Sr~ at is the overlap integral between the r th atomic orbital on 
the k th atom and the s th atomic orbital on the/ th  atom and N(i) is the occupancy 
of the i th molecular orbital. The summations extend over all occupied molecular 
orbitals i, all atomic orbitals r~ on the k th atom, and all atomic orbitals s~ on the 
l th atom. 

This method has been applied to hydrocarbons, both saturated and unsaturat-  
ed, pyridine, boron-nitrogen analogues of hydrocarbons, and earbonium ions [9], 
and extended to more polar molecules such as the rare-gas halides [20], the nitro 
cation, radical and anion [16], and boron hydride derivatives [24, 25]. I t  has 
been used to predict the existence of potential energy minima in excited dimers 
[2], and to study transition states [15] and hydrogen bonding [26]. 
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Fig. 4. Population analyses of vinyl derivatives 

In the present work this method is used with a computer subroutine written 
to calculate overlap integrals between Is, 2s, 2p, 3s, 3p, 5s and 5p Slater orbitals 
using standard formulae [28]. Since the effective quantum number [39] n* for 
Slater 4s and  4p orbitals is 3.7, overlap integrals involving these orbitals cannot 
be calculated in closed form, and were approximated by a linear interpolation, i.e. 

S (ha, 4b) = 0.3 S (ha, 3b) + 0.7 S (ha, 5b) 

where a and b are the Slater orbitals of any two given types. A plot of S (is, n's) 
against n* shows that  this approximation is unlikely to be in error by more than 
0.0i for the value of S for this case. In view of the approximations made in the 
EHT method, this further approximation does not seem to be serious. 

In setting the coulomb integral of an atomic orbital equal to the VSIP of the 
orbital in the free atom, the VSIP values of HYNZE and JAFFE [7] were used, 
rather than those of S x I ~ E ~  and PRITCItAI~D [38], since the former are the result 
of a more complete and systematic examination of atomic spectral data, and syste- 
matic calculation of non-observable states. 
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The charge distributions of several alkanes, halogenated alkanes, methyl  
derivatives and vinyl derivatives have been calculated in this way. The popula- 
tion analyses of these molecules are shown in Fig. I - 4. The small differences 
from HOffMAnn'S results [9] for the alkanes are due entirely to the changes in the 
coulomb integral values for carbon. Since this work is concerned with the correla- 
tion of computed charges with chemical shifts, atoms which are equivalent over 
the time required for an NMR transition arc regarded as equivalent, even though 
their instantaneous environments differ, so that,  for example, only the average 
charge of the six hydrogen atoms in dimethyl ether is reported; the methly  
groups rotate quickly enough so tha t  all six protons have the same chemical shift, 
although the instantaneous distances of each proton from the carbon in the other 
methyl  group are not identical. 

IIL Relation of chemical shift to charge distribution 

The use of chemical shifts as a measure of the charge distribution for compari- 
son with the calculated results is naturally suggested by the elementary concept 
tha t  the magnetic shielding of a nucleus by  the electronic currents should vary 
linearly with the electron density near tha t  nucleus. In  fact, chemical shifts 
depend on factors other than electron density, so that  detailed theories of chemi- 
cal shift must  be examined to determine when the chemical shifts can be ex- 
pected to indicate the actual charge distribution in a molecule. 

The total  screening of a nucleus can be divided [35] into a diamagnetic and a 
paramagnetic contribution from local currents associated with the given atom, 
and contributions from local currents on other atoms. (Ring current effects are 
neglected here as ring compounds are not considered in this work). For all nuclei, 
except protons, the local paramagnetie term is dominant in determining chemical 
shifts [33]. This conclusion, first reached for fluorine shifts [35], is based on calcula- 
tions which show tha t  the local diamagnetic term, as given by  the Lamb formula 
[17], is much too small to account for the observed range of shifts. RTeighbour 
anisotropy effects from the local currents on neighbouring atoms are also con- 
sidered to be negligible [33, 35] compared to the local paramagnetic effects, 
although the work of SPIES~CK~. and SCR~ID~a [41] shows tha t  neighbour 
anisotropy effects on the carbon chemical shifts in the methyl  halides may  be as 
large as 54 ppm for methyl  iodide. This conclusion is based on deviations from 
linear dependence of the carbon chemical shifts of methyl  derivatives on the sub- 
stituent Pauling atomic (not orbital) electronegativity. Nevertheless, chemical 
shifts of nuclei other than protons are usually primarily attr ibuted to the local 
paramagnetic term. 

PosL~ [32] formulated an LCAO-MO theory of chemical shifts, assuming 
zero-differential overlap. Recently [33], applying this theory to carbon shifts, he 
considered the dominant local paramagnetic term, and indicated three effects on 
the chemical shift: 

(i) a charge dependence, 
(fi) an electronic excitation energy dependence, and 
(ifi) a multiple bond effect. 
(i) The variation of chemical shift with charge for an approximately neutral 

atom, such as carbon, is dominated by the dependence of the paramagnetic shift 
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on the mean inverse cube radius of the 219 orbitals, (r-3>2~ [19]. The atomic orbitals 
of an atom expand with increased negative charge due to intereleetronic repul- 
sion, and <r-S>2~ decreases. Assuming linear dependence of the Slater screening 
constant on the atomic charge, this factor is proportional to the eharge to first- 
order [33], so that  a linear charge dependence is expected from this effect 
alone. 

(ii) The shift also depends on the mean inverse electronic excitation energy, 
for which POrT.E [33] chose one value in ethane and lower values for unsaturated- 
molecules to allow for the lower energies of the unoccupied orbitals. 

(iii) Finally POrLE noted the existence of a multiple-bond effect due to the 
presence, in the expression for the local paramagnetic shift, of terms involving 
combinations of LCAO coefficients which are not directly charge-dependent and 
which are non-zero only when multiple bonds are present. This analysis refers to 
localized MO wave functions and not to completely deloealized wave functions 
such as those of the E H T  method. 

The low carbon chemical shifts of unsaturated compounds have been at tr ibuted 
to the last two effects [33]. Carbon chemical shifts are therefore expected to indicate 
charge density trends only within a series of saturated molecules, or perhaps 
within a series of unsaturated molecules with the same type of multiple bonding, 
but not between the two series. 

Fluorine shifts in aromatic molecules have been discussed by KA•PLUS and 
DAs [13] and by W~ and DAILEY [46], who express the shifts in terms of ~ and 
charge density and ~ bond order. The computations in this work are restricted to 
series of saturated molecules with fluorine bonded to tetrahedral  carbon, so tha t  

bonding is negligible and fluorine chemical shifts, like carbon shifts, are expected 
to increase with charge density on fluorine atoms. A linear dependence is expected 
for small variations in C-F bond polarity [46]. 

For proton shifts [31, 34] the local paramagnetie currents on the hydrogen 
atom are negligible due to the unavailability of low-lying p orbitals, so tha t  the 
local diamagnetic term is dominant. This term is given by the Lamb formula [17] 
and is proportional to the electron population on the hydrogen atom. However 
paramagnetic currents on neighbouring atoms, the neighbour anisotropy effects, 
are important  in determining proton shifts [34], as: 

(i) few electrons are localized close to a given proton to screen distant elec- 
trons, so tha t  the latter have a larger effect, 

(5) t I - X  bonds are shorter than other bonds so tha t  the distant electrons are 
closer, and 

(iii) the total  range of proton chemical shifts is much smaller, due to the 
absence of local paramagnetic effects, than the ranges of shifts of other nuclei, so 
that  neighbour anisotropy effects are relatively larger. The linear charge depend- 
ence of proton shifts, predicted from the local diamagnetic term, is therfore 
expected to be reliable only in series of molecules with similar geometries, in 
which the anisotropy effects are constant throughout the series. 

These general predictions are confirmed by empirical correlations of chemical 
shifts in various series of molecules against substiguent atomic eleetronegativities 
[18] and against calculated n-charge densities [19, 40]. 
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IV. Results 

Two general trends are apparent  when the atomic charges of various series of 
molecules, calculated as described in Section I I ,  are plotted against the chemical 
shift of a given nucleus. 

I t  is found tha t  in a series of molecules in which one atom, or group, is substi- 
tuted and the rest of the molecule held constant (e.g. the methyl  derivatives), or 
in which successive substitution of a given atom or group occurs at a given point 
(e.g. the chloromethanes), 

(i) the computed charge on the atom next to the substituent varies approxi- 
mately  linearly with the chemical shift; 

(ii) the computed charges on the second atom from the substituent fail to 
correlate in general. 

Examples of both trends are given below. All graphs in this paper are drawn so 
tha t  a positive slope indicates increased magnetic shielding with increased electron 
population, as expected if the computed charges show the correct trend. The 
lines drawn are fitted by  a least-squares analysis. 

(i) The successful correlations at the point of substitution are illustrated in 
Fig. 5 - 9. Fig. 5 and 6 show carbon chemical shifts plotted against gross atomic 
charges for the ehloromethanes [18] and methylmethanes [41] respectively. The 
correlations are approximately linear. I t  is noted (Fig. 6) that  methyl  groups in 
alkanes are electron-withdrawing relative to hydrogen. I t  has been shown [12, 43] 
by electronegativity equalization calculations tha t  methyl  groups are electron- 
withdrawing in alkanes, in agreement with the E H T  results, but  electron-releasing 
in some alkyl derivatives as evidenced by  reactivity trends. 

Fig. 7 shows the chemical shifts [10, 41] of methyl  carbon atoms in methyl  
derivatives, CHaX , plotted against the computed charges on the same carbon 
atoms. The methyl  carbon charges in the saturated molecules correlated approxi- 
mately  linearly with chemical shift, so tha t  unreported chemical shifts of methyl  
carbons in similar molecules can be predicted, e.g. CH~SH = i28, CH3PH 2 ~ 154, 
and CH~SiH~ = 170 ppm relative to benzene. 

The observed methyl  carbon shifts [41] of acetaldehyde and nitromethane, 
two methyl  derivatives with multiply-bonded substituents, are 34 and 40 ppm 
lower respectively than  would be expected from the line in Fig. 7 for saturated 
methyl  derivatives. PolLy 's  theory of carbon chemical shifts [33] predicts tha t  in 
multiply-bonded compounds the lower electronic excitation energy (zJE) and 
multiple-bond effect cause low-field shifts. I f  it is assumed that  the z molecular 
orbitals of the multiple bonds are delocalized to some extent so that  those atomic 
orbitals on the methyl  carbons which have the correct symmetry  participate in 
them (hyperconjugation), then the low-field shifts may  be at tr ibuted to these 
effects. On the other hand, the methyl  carbon shift in methyl  cyanide is only 
3 ppm higher than that  predicted from the computed methyl  carbon charge and 
Fig. 7. The multiple bond effect is substantial for double bonds, but is zero for a 
symmetrical triple bond [33], and therefore presumably small for other triple 
bonds. In  methyl  cyanide the AE effect is present, and the multiple-bond effect 
virtually absent ; the absence of a low-field shift shows that  the AE effect is small 
enough to be virtually cancelled by  the positive anisotropy effect of the cyanide 
group. I t  is therefore concluded that  the multiple bond effect and/or aifisotropy 
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contribution is much more important  than  the AE effect in causing the low-field 
shifts of the other two molecules. Tiffs can be understood from the fact tha t  

~--* ~* transitions do not contribute to the AE term for symmetry  reasons [14], 
so tha t  the difference between the a ~---, 7~* effective excitation energies in unsa- 
turated molecules and the ~< > a* excitations in saturated molecules is not 
important  enough to cause large chemical shifts. Since the chemical shift of the 
methyl  carbon in methyl  cyanide corresponds to tha t  which would be expected 
from the computed charge, the chemical shift of methyl  carbons in other mole- 
cules with triply bonded substituents may  be predicted. For example, the chemical 
shift of the methyl  carbon in methylaeetylenc is predicted to be 127 ppm relative 
to benzene, assuming the same deviation from the line in Fig. 7 as for methyl  
cyanide. 

Fig. 8 shows correlations of the computed charge with the chemical shift [41] 
of methyl  carbons in methyl  derivatives with several methyl  groups, (CH3)nX, 
with the line from Fig. 7 drawn in as a dotted line. The lines for different n are 
approximately parallel. The difference between the lines for different n may  be 
at tr ibuted to the varying anisotropy of the central atom X ; for n = 4 the X atom 
is isotropie, while for n < 4 it is not, so tha t  increasing positive anisotropy contri- 
butions to the chemical shift with decreasing n are expected (eft Fig. 3 of Ref. [41]). 
This explanation of the occurrence of different lines is reasonable since the differ- 
ence in chemical shift between the most anisotropie and the isotropic line, about 
30 -- 40 ppm, is of the same order of magnitude as the anisotropy effects in methyl  
halides [41]. 

Fig. 9 shows tha t  the phosphorus chemical shifts [42] of the methylphosphines 
vary  almost linearly with the calculated charges on phosphorus. This indicates 
tha t  chemical shifts in this series are dominated by  the charge-dependent term, 
in contrast to nitrogen chemical shifts where changes in the ~ ~ 7~* transition 
energy are the dominant factor [5]. The observed nitrogen shifts [5] in the methyl-  
amines failed to show any systematic trend in terms of the calculated charges for 
nitrogen (Fig. 3). 

(ii) Fig. 10 - i5 illustrate the failure of the calculated charges on the second 
atom from a substituent to correlate with the chemical shift. In  the halomethanes, 
as discussed in Par t  I I I ,  the halogen chemical shifts should vary linearly with the 
true charge on the halogen atoms, because multiple bonding in these saturated 
molecules is negligible. However they do not vary linearly as the charges calcu- 
lated by  the E H T  method. Fig. i0 shows tha t  for the system F-C-Xa,  the calcu- 
lated charges follow the correct order as indicated by  fluorine chemical shifts [23] 
when X=F is successively replaced by  X=H, but  the wrong order when X=H is 
successively replaced by  X=C1. Neither plot is even approximately linear. In  
Fig. t l  the recently measured chlorine chemical shifts [36] of the chloromethanes 
are used to show that  the calculated charges on chlorine also follow the wrong 
order when hydrogen atoms are successively substituted by  chlorine atoms. 

Fig. 12 shows that  the trend of methyl  proton shifts [41] in methyl  derivatives 
is also incorrectly predicted by  the E H T  method. A linear correlation of proton 
chemical shifts with charges on hydrogen would not be expected even if the calcu- 
lated charge distribution were completely accurate, due to varying anisotropy 
effects in the methyl  derivatives chosen. Nevertheless the fact tha t  the whole 
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trend of calculated hydrogen charges is in the wrong direction as indicated by  the 
chemical shifts emphasizes the unreliability of the E H T  method for predicting 
charge trends two atoms removed from the substituent. 

Fig. 13 shows both the successful correlation at the point of substitution and 
the failure at the next atom in the ease of substituted ethanes. Fig. 13 a shows tha t  
the chemical shifts [41] of the methylene carbons in the ethyl halides vary approxi- 
mately linearly with the calculated charges on these carbons. In  contrast to this, 
when the methyl  carbon chemical shifts of the ethyl halides are plotted against 
the computed carbon charges in ~ig. t3b,  it is found tha t  ethyl chloride is out of 
line. Furthermore the calculated electron populations of the methylcarbons in the 
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Fig. 10. Plot of 19F chemical shift against gross atomic charge ca  fluorine for CF 4 (1), CHF a (2), Cl i f f  2 (3), 
Clt3F (4), CCll~ 3 (5), CC12F2 (6L CC13F (7) 

Fig. 11. Plot of asC1 chemical shift against gross atomic charge on chlorine for CtIaC1 (1), CtLCI 2 (2), CttC13 (3), 
COl 4 (4) 

l-multichloroethane series increase with successive chlorine substitution, in 
opposition to the trend shown by  the chemical shifts [18]. That  is, for ethane 
substituted by one or more halogens on the same carbon atom, the E H T  method 
predicts the correct charge trends for the substituted carbon but  not always for 
the methyl  carbon. 

Carbon atoms participating in multiple bonds have lower chemical shifts than 
those in saturated molecules [33]. In  a series of molecules with the same type of 
multiple bonding, however, the multiple-bond effects should be similar, so tha t  
the carbon chemical shifts should approximately indicate the true charge density 
trends within the series. Fig. i 4a  and 14b show that  in a series of vinyl hMides, 
the calculated charges on the substituted carbon follow the order indicated by  the 
chemical shift data [22], but those on the methylene carbon do not. This is ana- 
]ogous to the situation for substituted ethanes. The poorer fit for the point of 
substitution compared to tha t  for a series of saturated molecules may  be attr ibuted 
to the fact that  the effect of the double bond is not exactly constant throughout 
the series. 

Finally, Fig. 15 shows the charge trends predicted by E H T  for branching 
alkanes. The theory predicts tha t  substitution of methyl  groups for hydrogen 
atoms results in electron withdrawal at the point of substitution, and electron 
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donation to the next carbon atom. The chemical shift data  [4] indicate, however, 
that  substitution of methyl  for hydrogen in the alkanes shown results in electron 
withdrawal from both these positions, so that  again the theory is correct at the 
point of substitution but not at the next atom. 

I t  has been assumed in this paper that  the gross atomic charge is analogous to 
the chemical concept of charge an an atom. Actually, the question of what consti- 
tutes the best measure of atomic charge for correlation with chemical shift may  
become important.  In  view of this, a t tempts  were made to correlate chemical 
shift with two measures of charge; 

(i) the gross atomic population [27] as in the E H T  method, and 
(ii) the net atomic population [27], in which overlap populations are neglected 

lz/o 

% 

N 

completely. 

3 

73 

I I I I 
§ 0,0 -0.2 -0.~ -0,,~ 

Gi~ss atornl'C chazdZe on e~rbon i~ a/i~anes 

Fig. 15. Effect of branching in alkanes. Ctt a (1), CgaMe (2), CH2Me 2 (3), CItM% (4), CMe a (5), CIt3CHai~Ie (6), 
MeCH2CH2Me (7), Me2Ctt Ctt21~Ie (8). Mead CHelae (9), Ctt3CHMe2 (10), MeCII2CIII~[e ~ (11), Me~CH CIIMe~ 

(12), CH3CI~e 3 (13), MeCH2CM: % (14). The dotted carbon atom in each molecule is the one considered. 

When the populations were computed from E H T  wave functions, the same 
overall correlation trends with chemical shift were found for both types of popula- 
tion. Therefore only the results of method (i) have been presented in detail, and 
an explanation of the trends is sought in an analysis of the E H T  method. 

V. Discussion 
The main feature of E H T  charge distributions is that  while the predicted 

charges in a series of molecules correlate successfully with the chemical shift at the 
point of substitution, they fail to correlate at the next atom. Most of the chemical 
shift trends at the second atom from the substituent can be explained by the 
chemical concept of the inductive effect, although there are exceptions such as the 
chlorofluoromethanes. In  most of the series of molecules whose computed charge 
distributions are shown in Fig. t -- 4, the inductive effect is not predicted. How- 
ever the chemical shift trends, well-known chemical evidence and calculations by  
the SGOBE method [43] all indicate tha t  the inductive effect does in fact exist. 
The failure of the E H T  at the second atom from the substituent may  be expressed 
therefore as a failure to predict the inductive effect, a failure which must  be due to 
the assumptions of EHT.  

Another feature of the charge distributions predicted by E H T  is that  they are 
much more polar than those predicted by  the SGOBE method. For example, the 
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charge on each chlorine a tom in carbon tetrachloride is computed as -0 .349  by  
EHT,  compared to -0 .073 by  the SGOBE method. Since the actual polarity 
cannot be determined experimentally, the assumptions of both methods must  be 
examined in an a t tempt  to determine on a theoretical basis which method is more 
likely to predict correct polarities, or whether the true polarity is intermediate 
between the predictions of the two theories. 

A qualitative analysis of the assumptions will be made, in which those approxi- 
mations which are likely to cause the features mentioned above will be indicated, 
guided by the actual results of the computations. 

The results of an LCAO-MO calculation depend on the choice of coulomb and 
resonance integrals. The E H T  parametrization is tha t  the coulomb integrM, Hrr, 
is the VSIP of an atomic orbital in the free atom, and the resonance integral, 
Hrs, between two atomic orhitals with overlap integral Nrs is 

grs = 1.75 Srs (Hrr + gas)~2. 

I t  is reasonable to assume that  coulomb and resonance integrals corresponding 
to those used in self-consistent field method would give better  results. Since an 
SCF-LCAO-MO method has not yet  been applied to a orbitais in molecules such 
as those treated in this paper, it will be assumed tha t  the relation of the coulomb 
and resonance integrals in such a method to those used in E H T  would be analogous 
to the relation of the parameters used in Pople's SCF-LCA0-MO method for 7~ 
orbitals [30] to those in the tIfickel method for ~ orbitals [29]. 

The coulomb integral of a ~ orbital on a given atom in the IIiickel method is 
assigned a constant value regardless of the molecule in which the atom is located. 
In  contrast to this, POPLE's expression [30] for the coulomb integral Hrr of an 
atomic orbital in a ~ system is, 

sr  

where 
(i) Urr is the diagonal matr ix  element of the rth orbital with respect to the 

one-electron IIamil tonian containing only the kinetic energy and the interaction 
with the core of its own atom, 

(5.) Prr is the charge-density in the ~th atomic orbital under the zero-differential- 
overlap approximation. 

(iii) Zr is the occupancy of the r th atomic orbital in the free atom, and 
(iv) Grs is the electrostatic interaction energy between an electron in the rth 

atomic orbital and one in the sth. 
This expression depends on the actual charge distribution in the molecule, 

since 
(i) the second term represents an intraatomic repulsion term in ~he r th orbital 

dependent on the charge density Prr, and 
(ii) the third term represents interatomic electrostatic interactions dependent 

on the charge densities Pss in the orbitals of the other atoms. Pople and I{fickel 
coulomb integrals differ by intraatomie and interatomic electrostatic interaction 
terms, both of which vary  with the molecular charge distribution. 

Similarly SCF-LCAO-MO coulomb integrals for a systems are expected to 
differ from E t I T  coulomb integrals by  intraatomic electrostatic interaction terms 
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dependent oil the molecular charge distribution. However in calculations in- 
volving more than one atomic orbital per atom, the intraatomic repulsion term is 
divided into a term involving repulsion between two electrons in the orbital 
concerned, and terms involving electrostatic repulsions by  electrons in other 
orbitals on the same atom. Thus the SCF and E H T  coulomb integrals should 
differ by three types of terms dependent on the charge distribution of the molecule: 
intraorbital repulsion, interorbital repulsions on the same atom, and interatomic 
electrostatic interactions. 

The effect of neglecting each of these terms in E H T  may  now be considered. 
In  an SCF calculation, a transfer of electrons in a molecule to an atom or atoms 
with higher coulomb integrals in the neutral state than other atoms results in a 
reduction of the originally higher coulomb integrals and an increase in the origi- 
nally lower coulomb integrals due to the infraorbital repulsion term in the coulomb 
integral expression. This term therefore has the effect of reducing the polarity of 
the various bonds in the molecule, so tha t  its neglect is probably responsible for 
the high polarities predicted by  the EHT.  Since there are also theoretical reasons 
[1] for believing that  the polarities predicted by  the SGOBE method are too low, 
it is probable that  the true polarity of a given bond in a given molecule lies in 
between the values predicted by the E H T  and SGOBE methods. 

The neglect of interorbital repulsions is probably responsible for the failure of 
the E H T  to predict the inductive effect. Consider, for example, methyl  fluoride 
in terms of a basis set with tetrahedral hybrid orbitals on carbon directed along 
its bonds. (Although this is not the basis set used in the E t t T  method, it is an 
equivalent basis set since the orhitals in one basis are linear combinations of those 
in the other). From the viewpoint of an SCF method, the transfer of electrons from 
the carbon orbital directed toward the fluorine atom to the fluorine orbital results 
in a decrease of electrostatic repulsion between this carbon orbital and the carbon 
orbita]s directed toward the hydrogen atoms. The carbon orbitals directed toward 
the hydrogens therefore have a higher coulomb integral than in a methyl  deriva- 
tive in which the substituent bond orbital has a lower coulomb integral than for 
fluorine. This results in a charge transfer from the hydrogen atom to these carbon 
orbitals. This represents a molecular-orbital description of the inductive effect. 
The failure of the E H T  to predict the inductive effect is due to the neglect of the 
interorbital electrostatic repulsion terms in the coulomb integral on which the 
inductive effect depends. 

Again considering methyl  fluoride as an example, the inclusion of interatomic 
electrostatic terms would result in a decrease of the coulomb integrals of the carbon 
orbitals relative to those of the hydrogens, since the carbon orbitals are closer to 
the negatively charged fluorine atom than the hydrogen atom is. The neglect of 
this term should result in a greater positive error in the coulomb integrals of 
carbon than that  of hydrogen, and an electron transfer from hydrogen to carbon. 
That  is, neglect of this term should oppose the effect caused by  neglect of inter- 
orbital repulsion on carbon and tend to predict an inductive effect. The absence 
of an inductive effect in the actual computed results shows that  neglect of inter- 
orbital repulsion on the same atom is the dominant error. In  terms of a basis set 
with tetrahedral orbitals on carbon again, it is clear tha t  the difference between 
the repulsion of the negatively charged fluorine on an electron in a carbon orbital 
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directed toward a hydrogen, and tha t  on an electron in the hydrogen valence 
orbital, is relatively small compared to the change in repulsion of electrons in one 
carbon orbital on one electron in another so tha t  neglect of the latter effect should 
be more significant than  neglect of the former, as confirmed by  the results. 

The effect of errors in E H T  resonance integrals should also be considered. The 
= -- gGrs  re, where resonance integral used in the Pople theory [30] is Hrs His 1 p 

His is an offdiagonal element of the core tIamil tonian matr ix  and Prs is the bond 
order between the rth and sth orbitMs. As is the case for the coulomb integrals, the 
resonance integrals used in the Pople method differ from those in the I-Iiiekel 
method by terms dependent on the actual charge distribution in the molecule, so 
tha t  in a calculation involving both ~ and ~ orbitals, the SCF resonance integrals 
should differ from the E H T  resonance integrals by similar terms. I t  is difficult to 
predict the effect which inclusion of such terms would have on the results, and 
since the main features of the computed charge distributions have been explained 
in terms of the coulomb integrals, a detailed analysis of the neglect of these terms 
in the resonance integrals will be omitted here. 

I t  is also noted at this point that  since the E t t T  method includes resonance 
integrals between non-ncighbouring atoms, the presence of small resonance 
integrals between, say, the hydrogen and fluorine orbitals in methyl  fluoride 
allows a direct charge transfer from hydrogen to fluorine (as the latter has the 
higher orbital coulomb integrals), or an "apparent  inductive effect". As the non- 
neighbour resonance integrals are small, this effect is expected to be quite small 
and it is not surprising that  the computations show tha t  it is dominated by the 
interorbital repulsions of the carbon atom. 

u Conclusion 

The results of El:IT computations show tha t  the most serious approximations 
in the theory are the neglect of intraatomie repulsion terms, both intra- and 
interorbital, in the coulomb integrals of the atomic orbitals making up the basis 
set of the calculations. The neglect of the intraorbitM term is responsible for the 
high polarities predicted by the method, and the neglect of interorbital repulsions 
is responsible for the failure to predict inductive effects. I t  is therefore probable 
that  the charge distributions predicted by E t I T  could be improved by making the 
coulomb and resonance integrals dependent on the molecular charge distribution 
as is done in a self-consistent field method. A similar conclusion has been reached 
from a s tudy of hydrogen bonding by the E H T  method [26]. I t  is worth noting 
that  even such a simplified self-consistent method as the SGOBE method predicts 
better charge distributions, and predicts inductive effects. 

We are currently at tempting to apply an SCF-LCAO-MO method to the 
calculation of charge distributions in saturated molecules, with the object of 
determining how complete a method can be applied with computation times 
comparable to those required for the EI-IT method, so that  molecules of similar 
size can be treated. 
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