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similarity in the interactions taking place in the activated 
complexes. 

Finally, the results place some restrictions on the 
mechanism of the hydroboration reaction in more 
complex systems. If, in an overall hydroboration 
reaction, the mechanism involving BH3 is favored 
over the direct reaction, then the barrier to reaction 
is not the reaction of BH3 with the unsaturated species. 
For example, if the reaction of B2H6 with C2H4 proceeds 
through the intermediate BHa, the reaction of BH3 

with C2H4 is not the slow step of the reaction. The 
slow step will probably be the production of BH3. 

To understand the origin of internal rotation barriers, 
it has become apparent that it is necessary to gen

erate and analyze ab initio wave functions for a con
siderable variety of molecules. In particular, an ex
planation of the surprisingly similar barriers displayed 
by ethyl fluoride and ethane is required if one is to pro
vide a convincing barrier mechanism. 

LCAO-MO-SCF ab initio wave functions have 
proved adequate for representing the principal features 
of barriers in ten other important molecules,2 and wave 
functions at this level of approximation are shown here 
to be capable of producing reasonable magnitudes for 
the barriers in ethyl fluoride and ethane. This is the 
first report of an ab initio ethyl fluoride wave function, 
but there exist several ethane solutions of comparable 
accuracy to the one reported here.3 Because of the 
small energy change involved in the barrier, it is ab
solutely essential to maintain perfectly balanced basis 

(1) (a) Princeton University; (b) Ford Motor Co.; Department of 
Chemistry, Barllan University, Ramat-Gan, Israel. 

(2) Methylamine, methanol, hydrogen peroxide, hydrazine, propane, 
and butane, L. C. Allen, Annu. ReB. Phys. Chem., 20, 315 (1969); 
acetaldehyde, R. B. Davidson and L. C. Allen, J. Chem. Phys., in press; 
nitrosomethane, P. A. Kollman and L. C. Allen, Chem. Phys. Lett., S, 
75 (1970); propene and cw-fluoropropene, E. Scarzafava and L. C. 
Allen,/. Amer. Chem. Soc, 93,311 (1971). 

(3) Summarized in W. H. Fink and L. C. Allen, / . Chem. Phys., 47, 
895 (1967). 

It should be kept in mind that, although an upper 
limit was placed on the rate constant for the direct 
reaction of B2H6 with C2H4, in a conventional thermal 
system (e.g., ref 5) this upper limit is sufficiently high 
and the concentration of BH3 is sufficiently low that 
it is still possible for the direct reaction to take place. 
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, sets and identical computational machinery in gener
ating wave functions for the two molecules. 

j I. Method and Basis Set 

LCAO-MO-SCF wave functions were obtained 
via Roothaan's finite-expansion scheme. An atomic 

* orbital basis set of double-5 quality was constructed 
3 from Gaussian functions. The carbon and fluorine s 
2 orbitals are made from the Gaussians given by Whitten4 

5 contracted into two groups, with the Gaussian of small-
r est exponent treated as one of the basis functions. The 
3 p's are a six-term Cartesian Gaussian set contracted to 
' two basis functions, one of which is the Gaussian with 
3 smallest exponent, and the hydrogen ls's are a four-
2 term Gaussian set (contracted to a single function); 

both are taken from Huzinaga's tabulations.53 The_H 
s Is was scaled so that it is equivalent to exp(— \/2r). 
f Atomic coordinates for the two molecules taken from 

the experimentally observed geometries6 are listed in 
;• Table I. 

;', (4) J. Whitten, ibid., 44,359 (1966). 
:. (5) (a) S. Huzinaga, i6W., 42,1293(1965). (b) It may be that the CiC2F 

angle undergoes a small opening or closing as the barrier is traversed. 
', In ethane, geometrical distortion is known to modify the barrier height 

by no more than 0.1 kcal, and we have not tested this for ethyl fluoride. 
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Table I. Coordinates of Atoms 

C1 

Co 
H1 

H2 

H3 

H4 

H5 

F 

H4 

H5 

F 

C1 

H1 

H2 

H3 

C2 

H4 

Hs 
H6 

H4 

H6 

H6 

X 

0.0 
0.0 
1.70741268 

-1.70741268 
0.0 
1.70741268 

-1.70741268 
0.0 

1.70741268 
-1.70741268 

0.0 

0.0 
1.69855762 

-1.69855762 
0.0 
0.0 
1.69855762 
0.0 

-1.69855762 

1.69855762 
-1.69855762 

0.0 

y 

C2H5F 
Staggered 

0.0 
0.0 

-0.98577517 
-0.98577517 

1.97155033 
0.98577517 
0.98577517 

-2.44972199 

Eclipsed" 
-0.98577517 
-0.98577517 

2.44972199 

C2H6 

Staggered 
0.0 

-0.98066292 
-0.98066292 

1.96132584 
0.0 
0.98066292 

-1.96132584 
0.98066292 

Eclipsed" 
-0.98066292 
-0.98066292 

1.96132584 

Z 

-1.45510849 
1.45510849 

-2.15225127 
-2.15225127 
-2.15225127 

2.15225127 
2.15225127 
2.32133368 

2.15225127 
2.15225127 
2.32133368 

-1.45795000 
-2.15791169 
-2.15791169 
-2.15791169 

1.45795000 
2.15791169 
2.15791169 
2.15791169 

2.15791169 
2.15791169 
2.15791169 

M O - S C F calculations carried out at a number of other 
laboratories.3 Thus, in the same manner as the pre
viously published work, we again conclude—with even 
greater assurance—that correct trends, reasonable 
magnitudes, and the information required for a de
tailed explanation of barriers may be obtained within 
the framework of the Har t ree-Fock approximation. 

To provide a physical and mathematical basis for 
understanding the barrier origin, we consider the two 
components7 K"attractive and K~repul5ive, whose sum is the 
total energy 

K. t t = Vut V = V 
r rep — r e< 

+ Vnn + T 

The Katt, ^reP "c ross" is the characteristic 

* C1, Q and H1, H2, and H3 remain the same as for staggered. 

Figure 1 displays ET, VM, and K"rep for C2H5F and 
illustrates the fact that the component changes across 
barrier A F a t t and AVrep are generally of comparable or 
greater magnitude than the barrier itself. It also shows 
the opposing phase relationship between the two com' 
ponents 
feature of every barrier in every molecule 

In Figure 2 the components for C2H5F and C2H6 

are superimposed, and we note that there is a large 
energy difference—approximately 40 kcal—separating 
the two pairs of components even though the two 
barriers are practically identical. For both molecules 
AF r e p > AKa t t and the K"att, F r e p cross is thus repulsive 
dominant. Figure 2 was prepared from the energy 
components of the usual Har t ree-Fock Roothaan 

Table II. Energy Components" 

ET Vne = Ka44 Kee V™ + T v = - V12T 

C2HsF 

C2H6 

Staggered 
Eclipsed 
Staggered 
Eclipsed 

-177.9409504 
-177.9368229 
-79.14754963 
-79.14343834 

-579.2712708 
-579.3673859 
-267.2514305 
-267.2834244 

144.1566620 
144.2018509 
67.19479561 
67.20999050 

78.86429787 
78.89841556 
41.93097734 
41.93844700 

178.3093605 
178.3302994 
78.97811031 
78.99154949 

401.3303204 0.99896693 
401.4305659 0.99889676 
188.1038833 1.0010727 
188.1399870 1.0009614 

' Hartree units. 

Table III. Energy Component Differences (Eclipsed — Staggered) 

AET(I) 
A E T ( ? ? ) 

(scaled) AKrep(l) 
AF1Sp(I) 
(scaled) AKatt(l) 

AKa44(J7) 
(scaled) 

C2H5F 

Q H 6 

0.0041275" 
(2.59)» 

0.0041113 
(2.58)" 

0.0040770 
(2.56)" 

0.0041294 
(2.59)6 

0.1002455 

0.0361037 

0.0594791 

0.0064089 

0.0961151 

0.0319939 

0,0554021 

0.0022796 

" Hartree units. * Values in parentheses are in kilocalories. 

II . Energy Components 

Total energies, their components, and r?, the virial 
parameter (77 = 1 if the virial theorem is exactly satis
fied), are presented in Table II. The barrier magnitudes 
obtained for C2H5F and C2H6 are 0.004127 au (2.59 
kcal) and 0.0041113 au (2.58 kcal), respectively.613 The 
experimental barrier values are 3.330 ± 0.050 and 
2.928 ± 0.025 kcal/mol for ethyl fluoride and ethane, 
respectively.6 

The ethane barrier magnitude which we have ob
tained is close to that reported for ab initio L C A O -

(6) High-resolution infrared [G. Sage and W. Klemperer, / . Chem. 
Phys., 39, 371 (1963)] and microwave spectroscopy [D. R. Herschbach, 
ibid., 25, 358 (1956)] measurements agree for the ethyl fluoride barrier. 
For ethane, see S. Weiss and G. E. Leroi, ibid., 48, 962 (1968). Co
ordinates for ethane given in G. E. Hansen and D . M. Dennison, ibid., 
20,313(1952). 

solution given in Table I, and the results do not per
fectly satisfy the virial theorem. When our wave func
tions are scaled to force satisfaction of the virial theo
rem (Table III), the relative positions of the F a t t and 
VTep components are closely maintained, and the differ
ences between both A F r e p and AK a t t for ethyl fluoride 
and ethane are again equal and large—now near to 
33 kcal. The well-known constancy of the barrier mag
nitude A £ T under scaling is also demonstrated in our 
results. As a practical matter, the relative invariance 

(7) L. C. Allen, Chem. Phys. Lett., 2, 597 (1968). This paper ana
lyzed a wide variety of molecules and quoted the barrier magnitudes 
for ethane and ethyl fluoride obtained in the present article. 

(8) Only the end points, 0° (staggered) and 60° (eclipsed), have been 
computed, and the curves between these points have been sketched in 
Figures 1 and 2. However, many intermediate values have been ob
tained for ethane as well as other molecules (see ref 2), and there is no 
question as to the correctness of the shape. 
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Vr e p. 
W 

.C-Ol-- ' 

(ecl ipud) 

:' Vatt. 

60* 
(staggered) 

Figure 1. Barrier and K„tt, Kr0]> energy components for ethyl 
fluoride. V:M, VTcp form a repulsive dominant "cross" for this 
barrier. (In Figures 1 and 2, VM and V,cp are plotted on the same 
side of a reference level so that the relative magnitudes of AKalt 
and AKrep and the shape of the barrier are readily apparent.) 

W 

Figure 2. VM and Krcp energy components for ethyl fluoride 
(• • •) and ethane (—). Both of the "crosses" are repulsive dom
inant. 

to scaling displayed by AF rep and AKatt seems to be 
largely a consequence of AET invariance, but, of course, 
there is no mathematical or physical relationship that 
forces this to be true. 

Since ethane and ethyl fluoride are very different in 
the potential energy change seen by an infinitesimal 
test charge as the barrier is traversed (Figure 2), but 
the experimentally observed barriers are only 10% differ
ent, it is as if a large potential energy term was being 
added almost equally to VM and Vrtp. This large 
term is essentially the difference in the effective po
tential between fluorine and hydrogen atoms. 

Table IV lists the one-electron energies and dipole 
moments computed from our wave function for the two 

Table IV. One-Electron Energies and Dipole Moments 

Staggered 

-0.4861» 
- 0 . 4 9 0 2 
- 0 . 5 4 8 1 
- 0 . 5 6 9 2 
- 0 . 6 2 3 7 
- 0 . 6 6 7 8 
- 0 . 6 9 6 5 

0 8603 
- 1 . 0 3 2 0 
-1 .5479 

-11 .2659 
-11 .3957 
-26 .1409 

-15 .0436 

;H,F-

0.0076 

y component 
z component 

> 
Eclipsed 

-0 .4863 
-0 .4873 
- 0 . 5 4 4 9 
- 0 . 5 7 3 2 
- 0 . 6 2 1 6 
- 0 . 6 6 9 2 
- 0 . 6 9 5 9 
- 0,8602 
- 1.0315 
-1 .5479 

-11 .2640 
-11 .3948 
-26 .1401 

-15 .0360 

A 

(4.77^ 

2.56 D 

2.3OD 
1.12D 

val 

7>) 

M 

. . 
Staggered 

-0 .4803 
-0 .4803 
-0 .4888 
-0 .5958 
-0 .5958 
- 0 . 8 3 1 6 
-1 .0067 

-11.2318 
-11 .2322 

- 8 . 9 5 8 6 

r»H« 

0.0064 

2.52 D 

2.26 D 
1.13D 

Eclipsed 

- 0 . 4 7 8 6 
- 0 . 4 7 8 6 
- 0 . 4 8 8 4 
- 0 . 5 9 6 5 
- 0 . 5 9 6 5 
-0 .8311 
- 1 . 0 0 6 4 

•- 11.2304 
-11 .2309 

-8 .9522 

(4.02)6 

P„(r) P-W 

H H ( E c l f p s e d ) - 2 . I 2 0 A 

PH(O 

' Hartree units. b Values in parentheses are in kilocalories. 

H H (Staggered)-2.I93& 

Figure 3. Volume element weighted radial amplitude functions 
for hydrogen Is functions on opposite ends of ethane plotted along 
the H • • • H internuclear axis: top graph, overlap at eclipsed 
separation; bottom graph, overlap at staggered separation. 

molecules. The one-electron energies are valuable 
for several reasons. They represent a good estimate 
of first ionization potentials for the various molecular 
shells (Koopmans' theorem), they constitute a test for 
one important theory of the barrier (see section IV), 
and they provide an extensive quantitative check with 
other ethane wave functions. 

III. Physical Description of Barrier Mechanism 

Because barrier magnitudes are very small energies, 
there is a tendency to believe that there is little orbital 
overlap between the opposite ends of the molecule. 
This is far from the case as shown by the hydrogen radial 
overlap plot of Figure 3. It is also obvious from Figure 
3 that the change in overlap under rotation is small, 
but it seems likely that the changes which characterize 
the barrier mechanism will be of a distributed rather 
than localized nature. To find an appropriate measure 
is thus difficult because many parts of the molecule will 
be involved, and in addition the measure must be 
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expressed in terms of a difference between staggered 
and eclipsed conformations if it is to achieve conceptual 
and practical utility. The Vatt and Vtep energy com
ponents which we have previously introduced7 are one 
attempt at finding such a measure. Component 
changes, AVatt and AVrep, characterize a barrier as 
either attractive dominant or repulsive dominant ac
cording to which component realizes the greatest ab
solute change under rotation. Just as in the ordinary 
strong-interaction situation, net attraction and net 
repulsion are both found, but for rotational barriers 
there is a large preponderance of repulsive-dominant 
cases. Categorization of barriers by means of energy 
components has been followed up and substantiated 
by a detailed analysis of charge density changes for 
both attractive- and repulsive-dominant examples.9 

For the present molecules the principal question of 
interest is the relatively small difference in the ethane 
and ethyl fluoride barriers, and we find that energy 
components provide a satisfying physical rationalization 
of this situation. Since both barriers are repulsive 
dominant and since the radius of the fluorine atom is 
close to that of hydrogen, we are simply seeing the 
effect of lowering the potential well around one of the 
rotating atoms due to the high charge density of fluo
rine. As the CH3 group rotates against the CH2F 
group in ethyl fluoride, one of the C-H bond tails 
passes through a region of much greater potential 
energy than it did for ethane, and this adds a roughly 
constant amount to both energy components (the Vatt, 
Krep components are subject to the additive energy 
rather than ET itself, because Fa t t and Krep have op
posite signs). 

IV. Dipole Moments, Population Analysis, 
and Hiickel Theory 

Table IV lists the computed dipole moments of ethyl 
fluoride in staggered and eclipsed conformations, and 
these numbers show that there is only a very small 
change in moment. This observation and examination 
of charge density contours in ethane9a demonstrates 
that only a very small charge redistribution occurs 
during traverse of the barrier. This small change can be 
understood with the aid of the dipole moment com
ponents in Table IV and population-analysis-derived 
atomic charges tabulated in Table V. Vectorial de
composition of the dipole moment shows that all of 
the change is perpendicular to the rotation axis, there
fore along the C-F and C-H bonds, while the atomic 
charges show that the C-F charge separation (bond 
dipole) is the same for both staggered and eclipsed 
conformations and that the fluorine end is strongly 
negative (in contrast to the hydrogens). The 
preponderant change from staggered to eclipsed is 
reduction in the amount of charge on a hydrogen when it 
eclipses the fluorine. The C2H5F barrier is repulsive 
dominant, Vrep is largest in the eclipsed conformation, 
and the negative fluorine atom therefore repels the 
charge on its opposing hydrogen atom. It is worth 
noting that while population analysis is frequently 
successful in describing simple and specific charge 
redistribution effects such as our example here, it is too 

(9) (a) W. L. Jorgensen and L. C. Allen, / . Amer. Chem. Soc., 93, 
567 (1971); (b) W. L. Jorgensen and L. C. Allen, Chem. Phys. Lett., 
7,483(1970). 

Table V. Atomic Charges from Population Analysis of C2H6F" 

Staggered Eclipsed 

Ci6 - 0 . 8 1 3 6 - 0 . 8 1 6 4 
C2= - 0 . 2 8 5 0 -0 .2848 
Hi 0.2910 0.2841 
H2 0.2910 0.2841 
H3 0.2849 0.3017 
H4 0.2911 0.2910 
H5 0.2911 0.2910 
F -0 .3505 -0 .3507 

" Net charge on molecule is zero. b Hi, H2, and H3 are attached 
to Ci. c H4, H5, and F are attached to C2. 

crude a measure for systematizing and analyzing barrier 
mechanisms. 

Some time ago,10 the one-electron molecular orbital 
energies generated by three-dimensional Hiickel theory 
were used to predict the barrier in ethane. The differ
ence in Si^'e^ for staggered and eclipsed conformations 
was found to yield a number near to the observed 
barrier magnitude. Since S^ 'e j is the Walsh criterion 
for assigning molecular shape which has been widely 
successful in organic and inorganic chemistry, it is 
important to investigate the validity of this scheme for 
computing barrier magnitudes. We may test the 2e 
barrier predicting potential, independent of any par
ticular set of assumed Hiickel parameters, by employing 
the ab initio results in Table IV. They are seen to 
confirm the original hypothesis for both ethane and 
ethyl fluoride. Unfortunately, however, when 2e 
is computed for the sequence ethane, methylamine, 
and methanol from wave functions whose total energy 
differences yield the correct order and reasonable barrier 
magnitudes,2 one finds that the order is lost and mag
nitudes are off by factors as great as 4. Another part of 
the original study10 pointed out that the highest oc
cupied orbitals (a degenerate pair in ethane) were re
sponsible for almost all of the barrier energy. Again, 
our ab initio results verify this for ethane, and also for 
methylamine and methanol. But in ethyl fluoride, 
hydrogen peroxide, hydrazine, and hydroxylamine, a 
number of molecular orbitals contribute large and 
comparable amounts. 

A referee has requested that we include a discussion 
of several recent papers devoted to barrier mechanisms. 
Lowe11 has examined the shape and energy of the 
molecular orbitals in ethane and finds that the two 
principal sets of orbitals which control the barrier have 
opposing energy contributions. A planar node bisect
ing the C-C bond allows the dominating orbitals to be 
associated with a larger normalization coefficient. 
Because this explanation depends heavily on a symmetry 
element not present in most other molecules with bar
riers, and because the barrier mechanism is ultimately 
related to the chemically unappealing idea of a normal
ization coefficient, this scheme does not appear prom
ising. In further work he relates favored conforma
tions to highest occupied molecular orbitals, and we 
have discussed this scheme in the paragraph above. 
Epstein and Lipscomb12 have made various sorts of 
energy decompositions for two ethane wave functions 
that employed one STO per AO as a basis set, and they 
were unable to discern any system in their decomposi-

(10) R.Hoffmann,/. Chem. Phys., 39, 1397(1963). 
(11) J. P. Lowe,/. Amer. Chem. Soc, 92,3799 (1970). 
(12) I. R. Epstein and W. N . Lipscomb, ibid., 92, 6094 (1970). 
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tions. This is to be expected, since the total energies 
of the two wave functions they examined are greatly 
above the Hartree-Fock limit (by a value of approxi
mately 20 times the barrier height), and energy de
compositions for this quality of wave function are 
generally very erratic. Clementi and von Niessen13 

have decomposed the ethane total energy as a function 
of rotational angle into one-, two-, three-, and four-
center contributions. The three-center term undergoes 
the greatest change of magnitude, but the sign of its 
change is opposite to the barrier itself, and no physical 
or chemical concept emerges. A further decomposition 
assuming that basis functions mounted on a given 
center possess an energy solely associated with that 
center leads to a set of 26 energy vs. angle curves that 
do not reveal any chemically useful pattern. A com
prehensive review of methods for analyzing barrier 
mechanisms has been recently made by Lehn.14 

V. Summary and Conclusions 
In order to understand the origin of rotational bar

riers, it is necessary to analyze a considerable number 
and variety of molecules showing different barrier 
characteristics. Ethyl fluoride and ethane constitute 
an important pair of molecules in such a list because 
their barriers are surprisingly similar. 

To investigate these two molecules, ab initio LCAO-
MO-SCF wave functions with total energies reasonably 
close to the molecular Hartree-Fock solution were 
computed with an atomic orbital basis set of double-f 
quality. The computed barriers were found to be 
nearly equal, in agreement with experiment. This 
result substantiates and extends our previous conclusion 
that the barrier mechanism is contained within the 
framework of the Hartree-Fock approximation. 

Energy components, F a t t and Frep, were employed 
to aid in understanding various aspects of the barrier 
mechanism. The barriers in ethane and ethyl fluoride 

(13) E. Clementi and W. von Niessen, / . Chem. Phys,, 54, 521 (1971). 
(14) J.-M. Lehn in "Conformational Analysis," Academic Press, 

New York, N. Y„ 1971, p 129. 

are both repulsive dominant and therefore arise pre
dominantly from the action of the Pauli principle.7'921-15 

That the two barriers are quite similar can be interpreted 
as arising from the tail of the methyl group passing 
through the high potential field of the fluorine atom and 
adding roughly equal energy increments to both Vatt 

and Vrep over their values for ethane. The small 
change in dipole moment during rotation in ethyl 
fluoride can also be accounted for with this type of 
analysis. Since this barrier is repulsive dominant, the 
slightly smaller moment in the eclipsed configuration 
arises from a reduced bond dipole in this conformation 
produced by the repulsion of the fluorine atom. 

The possibility of using one-electron energies to 
characterize and predict barriers is evaluated. It is 
found to yield reasonably satisfactory barrier predic
tions for ethyl fluoride and ethane but not for several 
other molecules. 
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(15) The first published suggestion that the Pauli principle plays the 
dominant role in the ethane barrier appears to have been made by J. 
van Dranen, J. Chem. Phys., 20, 1982 (1952). van Dranen based his 
hypothesis on a semiempirical estimate of the interaction between He 
and H2. E. B. Wilson, Jr., Aclcan. Chem. Phys., 2, 367 (1959), dis
cussed this question, and his article focused attention on the lack of 
adequate explanations for barrier mechanisms at that time. More 
recently, a significant quantitative attempt to show the central im
portance of the Pauli principle has been made by comparing a Hartree 
product of locally orthogonal bond orbitals with the corresponding 
antisymmetrized product: O. J. Sovers, C. W. Kern, R. M. Pitzer, and 
M. Karplus, J. Chem. Phys., 49, 2592 (1968). Although completely 
ab initio, the bond orbital method introduces a mixing parameter be
tween a C-H hybrid orbital and a hydrogen Is which constricts the wave 
function and considerably raises its energy over a molecular orbital 
wave function employing the same basis set and interaction integrals. 
The complexity of the interpretation in this work is illustrative of the 
very general difficulty inherent in any attempt to meaningfully decom
pose a molecular wave function which will clearly bring out the workings 
of the Pauli principle. Another way of approaching this problem is 
to make a quantitative potential energy curve analogy to the well-un
derstood He-He case (see ref 7). 
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Abstract: An ab initio molecular orbital study of the geometries and energies of neutral systems AHn and their 
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+ (A = C, N, O, or F) is presented. Two previously reported basis sets are employed: 
the minimal, STO-3G, basis and the extended, 4-3IG, basis in which valence shells are split into inner and outer 
parts. Comparisons are made between experimental and theoretically predicted properties. 

Self-consistent molecular orbital theory with a well-
defined set of basis functions centered at nuclear 

positions provides a complete theoretical model for 
molecular structure. Deficiencies of such models due 

to partial neglect of electron correlation are widely 
appreciated, but it nevertheless appears that quite 
simple molecular orbital treatments give successful 
accounts of molecular geometries,1 rotational po-
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