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The extended Hiickel theory (EHT) is used to calculate the charge distributions in alkanes,
halogenated alkanes, and molecules containing methyl and vinyl groups. The charge densities
are correlated with 13C, 3P, 19F, 35Cl and YH, chemical shifts. The correlations are discussed in
terms of the o and f used in the extended Hiickel method, and are compared to the resulfs of
the self-consistent group orbital and bond electronegativity (SGOBE) method.

La théorie Hiickel étendue (EHT) est employée pour calculer les distributions de charge
des alcanes, des alcanes halogénés, et des molécules avec des groupes méthyle et vinyle. Les
densités de charge sont corrélées avec les “chemical shifts” de 13C, 31P, *F, %C] et H. Les
corrélations sont décrites en termes du « et du f employés dans la méthode Hiickel étendue, et
elles sont comparées aux résultats de la méthode autocohérente des orbitales de groupe et de
I'électronégativité des liaisons (SGOBE).

Die erweiterte Hiickel-Theorie (EHT) wird benutzt, um Ladungsverteilungen in Alkanen,
halogenierten Alkanen und Molekiilen mit Vinyl- und Methylgruppen zu berechnen. Bezie-
hungen zwischen Ladungsdichte und chemischer Verschiebung von 3C, 31P, *F, 35C] und H
werden aufgestellt. Die Beziehungen werden in den GréBen o und 8 der erweiterten Hiickel-
Methode diskutiert und mit den Ergebnissen der SGOBE-Methode verglichen.

L Introduetion

Recently, simple calculations of the o-charge distribution, in polyatomic
molecules, have been made by two fundamentally different methods: the Extended
Hiickel Theory [9] (EHT) method, and the Self-Consistent Group Orbital and
Bond Electronegativity [44] (SGOBE) method. Both methods are drastic approxi-
mations from full self-consistent molecular orbital calculations. The approxima-
tions involved in the EHT method are similar to those in the Hiickel method for
s-systems [29], while the relationship of the SGOBE method to a MO treatment
will be discussed in another paper [I]. Since SGOBE charge distributions have
been successfully correlated with carbon [44], proton [11, 43] and chlorine [45]
nuclear magnetic resonance chemical shifts, it was decided to examine the validity
of the EHT charge distributions by attempting to correlate the charge on atoms,
in several series of molecules, with the chemical shifts of the eorresponding nuclei.
Although chemical shifts depend on other factors besides charge distribution,
accepted theories of chemical shift indicate that within certain series of molecules,
the charge distribution should be the dominant factor determining shifts, which
may therefore be used as a measure of “experimental’” charge distribution.

3*



36 J. M. Stcuer and M. A. WHITEHEAD:

II. Extended Hiickel Theory

“Extended Hiickel” [9] is the term applied to Hiickel-like calculations extended
to include both ¢ and z 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 Horrmaxy [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 EHT method is an LCAO-MO theory with a basis set consisting of a 1s
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 matrix S for
this basis set is computed using the overlap integral formulae [28] for Slater
orbitals. The coulomb integral H,, for each atomic orbital is taken as the valence
state ionization potential (VSIP) of that orbital in the free atom, and the resonance
integrals Hys as

Hrs = 1.75 Srs (Hrr _l_ Hss)/z )

where Sps is the overlap integral between the 7tb and sth atomic orbitals. All
neighbour and non-neighbour interactions 8y and Hys are included so that con-
formational effects can be computed. The variational matrix equation

HC = SCE

is solved by Lowpi’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 Hiickel 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%t atom is defined as

oce

Qr = NI?:" Z Z ZN(@) Cirg Cis Srlc 8
i

Tk syl

and the overlap population between the kth and Ith atoms, a measure of covalent
bond energy (9], as

oce

Skl == 2 zz: Z z N(’&) Ciry Cisy S,«k 8+

LY )

In these definitions N9 is the number of valence-shell electrons on the free neutral
atom, ¢;y, is the coefficient of the #th atomic orbital on the kth atom in the qtb
molecular orbital, 8y, s is the overlap integral between the rth atomic orbital on
the kth atom and the sth atomic orbital on the Ith atom and N(2) is the occupancy
of the ith molecular orbital. The summations extend over all occupied molecular
orbitals ¢, all atomic orbitals rz on the kR atom, and all atomic orbitals s; on the
Ith atom.

This method has been applied to hydrocarbons, both saturated and unsaturat-
ed, pyridine, boron-nitrogen analogues of hydrocarbons, and carbonium 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]. It 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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ig. 1. Population analyses of alkanes. Signed numbers are gross atomic charges [27], unsigned numbers are
overlap populations [27]



J. M. Stcrer and M. A. WHITEHEAD:

38
+.091
H,
%
no
©
+.100 442 742 ol | — 740
Hy— %0 — C—‘.@I—F 3 810 7120 566 .300
+.098
H2
b
oo
&
+.109 +.016  —.342 +I$08 —535 o —(-33;48
H3W07§6“01 3 808 698 163 579
+.108
H‘z
Ewi
VY]
g
+.114 - 151 — 191 +415 352 —-204
H. C C Br
H, 306 c 565 Br 3 817 689 003 586
+A11
H,
\
o
(S~
[=2)
+.117 — 9255 —..096 +.115 —.347 l -.128
) H s s I
Hy =% C 550 ! 3 818 688 o9 P99
+.088
H
%
oo
o
+414 +.460 — 344 +ﬁM4 ‘-361 ! —-03161
H,— 595 C—3s3 ke s 807 T30 o 088 2
+.103 +.934 ~.346 +.116 —.381 +1.099 ~.356
H—gss C 5o b Hs—30a %m0 C 620
+1.398 —.349 +2.767 —.692
C g7 Ch C 06 T
~.758 +1.736 -~ 326 +.053 +2.068 ~.707
F—2% C 6 s H—gs—C— 3 I
18 +2.080 ~.322 +.081 +1.288 ~725
Fo 35 C 659 Ch =g C 357
o1 +92.426 —.322
Fs—3g5 C o5 Y

Fig 2. Population analyses of halogenated alkanes
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Fig. 3. Population analyses of methyl derivatives
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Tig, 4. Population analyses of vinyl derivatives

In the present work this method is used with a computer subroutine written
to calculate overlap integrals between 1s, 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 (na, 4b) = 0.3 8 (na, 3b) + 0.7 S (na, 5b)

where @ and b are the Slater orbitals of any two given types. A plot of § (1s, n*s)
against #»* shows that this approximation is unlikely to be in error by more than
0.01 for the value of § 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 HiNzeE and JAFFE [7] were used,
rather than those of SKINNER and PRITCHARD [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. 1 — 4. The small differences
from HorrMaxN’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 are 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 that 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.

II1. Relation of chemieal 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
that the magnetic shielding of a nucleus by the electronic currents should vary
linearly with the electron density near that 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 paramagnetic term is dominant in determining chemical
shifts [33]. This conclusion, first reached for fluorine shifts [35], is based on calcula-
tions which show that the local diamagnetic term, as given by the Lamb formula
[17], is much too small to account for the observed range of shifts. Neighbour
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 SpiEsEcKE and ScHNEIDER [41] shows that 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 attributed to the local
paramagnetic term.

PorLr [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,

(ii) an electronic excitation energy dependence, and

(iii) 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 2p orbitals, (#=%>ep [19]. The atomic orbitals
of an atom expand with increased negative charge due to interelectronic repul-
sion, and {r—%)s, decreases. Assuming linear dependence of the Slater screening
constant on the atomic charge, this factor is proportional to the charge 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 PorrE [33] chose one value in ethane and lower values for unsaturated
molecules to allow for the lower energies of the unoccupied orbitals.

(iil) 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 delocalized wave functions
such as those of the EHT method.

The low carbon chemical shifts of unsaturated compounds have been attributed
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 KarpLus and
Das [13] and by Wt and DatLEY [46], who express the shifts in terms of ¢ and &
charge density and z bond order. The computations in this work are restricted to
series of saturated molecules with fluorine bonded to tetrahedral carbon, so that
7 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 paramagnetic currents on the hydrogen
atom are negligible due to the unavailability of low-lying p orbitals, so that the
local diamagnetic term is dominant. This term is given by the Lamb formula [77]
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 that the latter have a larger effect,

(i) H-X bonds are shorter than other bonds so that 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 substituent atomic electronegativities
[18] and against calculated s-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 II, are plotted against the chemical
shift of a given nucleus.

It is found that 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
that 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 sucecessful 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 chloromethanes [18] and methylmethanes [41] respectively. The
correlations are approximately linear. It is noted (Fig. 6) that methyl groups in
alkanes are electron-withdrawing relative to hydrogen. It has been shown [12, 43]
by electronegativity equalization calculations that methyl groups are electron-
withdrawing in alkanes, in agreement with the EHT 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, CH,X, 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 that unreported chemical shifts of methyl
carbons in similar molecules can be predicted, e.g. CH,SH = 128, CH,PH, = 154,
and CHgSiH, = 170 ppm relative to benzene.

The observed methyl carbon shifts [47] 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. PoPLE’s theory of carbon chemical shifts [33] predicts that in
multiply-bonded compounds the lower electronic excitation energy (4E) and
multiple-bond effect cause low-field shifts. If it is assumed that the sz 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 attributed 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 AL effect is present, and the multiple-bond effect
virtually absent; the absence of a low-field shift shows that the AFE effect is small
enough to be virtually cancelled by the positive anisotropy effect of the cyanide
group. It is therefore concluded that the multiple bond effect and/or anisotropy
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contribution is much more important than the A# effect in causing the low-field
shifts of the other two molecules. This can be understood from the fact that
7t <~ ¥ transitions do not contribute to the A term for symmetry reasons [74],
so that the difference between the o «— ¥ effective excitation energies in unsa-
turated molecules and the o<« ¢* 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 that 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 methylacetylene 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 [47]
of methyl carbons in methyl derivatives with several methyl groups, (CH,),X,
with the line from Fig. 7 drawn in as a dotted line. The lines for different » are
approximately parallel. The difference between the lines for different #» may be
attributed to the varying anisotropy of the central atom X; for n = 4 the X atom
is isotropic, while for n < 4 it is not, so that increasing positive anisotropy contri-
butions to the chemical shift with decreasing n are expected (cf. 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 anisotropic 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 that the phosphorus chemical shifts [42] of the methylphosphines
vary almost linearly with the calculated charges on phosphorus. This indicates
that chemical shifts in this series are dominated by the charge-dependent term,
in contrast to nitrogen chemical shifts where changes in the n «— n* transition
energy are the dominant factor [5]. The observed. nitrogen shifts [§] in the methyl-
amines failed to show any systematic trend in terms of the calculated charges for
nitrogen (Fig. 3).

(i) Fig. 10 — 15 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 Part I11, 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 EHT method. Fig. 10 shows that for the system F-C-X, 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=Cl. Neither plot is even approximately linear. In
Fig. 11 the recently measured chlorine chemical shifts [36] of the chloromethanes
are used to show that the caleulated 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 EHT 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 that 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 EHT 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 case of substituted ethanes. Fig. 13 a shows that
the chemical shifts [47] 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 Fig. 13D, it is found that ethyl chloride is out of
line. Furthermore the calculated electron populations of the methylcarbons in the
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Fig. 10. Plot of 1°F' chemical shift against gross atomic charge on fluorine for CF, (1), CHFy (2), CH,F, (3),
CH,LF {4), CCIF, (5), CCLF, (), CCLF (V)
Fig. 11. Plot of ¥Cl chemical shift against gross atomic charge on chlorine for CH;CL (1), CH,Ol, (2), CHOCL; (3),
Ccol, (4

{-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 EHT 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 that
the carbon chemical shifts should approximately indicate the true charge density
trends within the series. Fig. 14a and 14b show that in a series of vinyl halides,
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-
logous to the situation for substituted ethanes. The poorer fit for the point of
substitution compared to that for a series of saturated molecules may be attributed
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 EIIT for branching
alkanes. The theory predicts that 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.

It 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, attempts were made to correlate chemical
shift with two measures of charge;

(i) the gross atomic population [27] as in the EHT method, and

(ii) the net atomic population [27], in which overlap populations are neglected
completely.

740
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Flg 15. Effect of branchmg in alkanes. CH4 (1), CH;Me (2) CH2M62 (3), CHMea (4), C‘\Ie4 (5), CHscHzMe (6),
MeOH20H2Me 7)), MeZCH CH,Me (8). Me30 CH,Me (9), CH30HMe2 (10), MeCH2CHMe2 (11), Me2CH CHMe,
(12), CH30M83 (13), MeCHZCMeg (14). The dotted carbon atom in each molecule is the one considered.

When the populations were computed from EHT 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 EHT method.

V. Discussion

The main feature of EHT 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. 1 — 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 that the inductive effect does in fact exist.
The failure of the EHT 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 EHT 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 atom 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 attempt 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 EHT parametrization is that the coulomb integral, Hy,
is the VSIP of an atomic orbital in the free atom, and the resonance integral,
Hyg, between two atomic orbitals with overlap integral Sps is

Hyps =175 Sps (Hpr + Hgs)[2

It is reasonable to assume that coulomb and resonance integrals corresponding
to those used in self-consistent fleld method would give better results. Since an
SCF-LCAO-MO method has not yet been applied to ¢ orbifals in molecules such
as those treated in this paper, it will be assumed that the relation of the coulomb
and resonance integrals in such a method to those used in EHT would be analogous
to the relation of the parameters used in Pople’s SCF-LCAO--MO method for 7
orbitals [30] to those in the Hiickel method for 7z orbitals [29].

The coulomb integral of a v orbital on a given atom in the Hiickel method is
assigned a constant value regardless of the molecule in which the atom is located.
In contrast to this, PorLE’s expression [30] for the coulomb integral H,, of an
atomic orbital in a 7 system is,

HW‘: UW‘+%P7‘7GW‘+ ;(Pss_zs)grs
where

(i) Upr is the diagonal matrix element of the rth orbital with respect to the
one-electron. Hamiltonian containing only the kinetic energy and the interaction
with the core of its own atom,

(ii) Pyristhe charge-density in the rth atomic orbital under the zero-differential-
overlap approximation.

(iii) Zy is the ocoupancy of the rth atomic orbital in the free atom, and

(iv) Gys is the electrostatic interaction energy between an electron in the rth
atomic orbital and one in the st

This expression depends on the actual charge distribution in the molecule,
since

(i) the second term represents an infraatomic repulsion term in the rth orbital
dependent on the charge density Py, and

(i) the third term represents interatomic electrostatic interactions dependent
on the charge densities Py, in the orbitals of the other atoms. Pople and Hiickel
coulomb integrals differ by intraatomic and interatomic electrostatic interaction
terms, both of which vary with the molecular charge distribution.

Similarly SCF-LCAO-MO coulomb integrals for ¢ systems are expected to
differ from EHT coulomb integrals by intraatomic electrostatic interaction terms

Theoret. chim. Acta (Berl.) Vol. b 4
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dependent on 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 EHT 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 EHT 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 intraorbital 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 that 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 EHT and SGOBE methods.

The neglect of interorbital repulsions is probably responsible for the failure of
the EHT 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 EHT method, it is an
equivalent basis set since the orbitals 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
orbitals 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 EHT 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, sinee 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 that 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 that 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 that neglect of the latter effect should
be more significant than neglect of the former, as confirmed by the results.

The effect of errors in EHT resonance integrals should also be considered. The
resonance integral used in the Pople theory [30] is Hyps = H,, — % Gys Pys, where
H;s is an offdiagonal element of the core Hamiltonian matrix and Py, is the bond
order between the 7t and sttt orbitals. As is the case for the coulomb integrals, the
resonance integrals used in the Pople method differ from those in the Hiickel
method by terms dependent on the actual charge distribution in the moleculs, so
that in a calculation involving both ¢ and & orbitals, the SCF resonance integrals
should differ from the EHT resonance integrals by similar terms. It 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.

It is also noted at this point that since the EHT method includes resonance
integrals between non-neighbouring 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 that it is dominated by the
interorbital repulsions of the carbon atom.

YI. Conclusion

The results of EHT computations show that the most serious approximations
in the theory are the neglect of intraatomic 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 intraorbital 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. It is therefore probable
that the charge distributions predicted by EHT 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 besn reached
from a study of hydrogen bonding by the EHT method [26]. It 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 attempting to apply an SCF-LCAO-MO method to the
caleulation 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 EHT method, so that molecules of similar
size can be treated.
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