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coupling of the 2II anion surfaces to the dissociative 2S surface 
correlating with C2H" + H, which is known to be an important 
decay channel of the acetylene anion.21,22 
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Introduction 
Although the orbital description of a many-electron wave 

function is only an approximation, it has been found to be ex­
tremely useful for interpreting a wide variety of chemical data.1 

General methods have been developed to explain molecular shapes2 

and chemical reactivities3 using qualitative information on orbital 
energies and orbital electron distributions. Information on orbital 
energies is readily available from photoelectron spectroscopy4 but 
knowledge of orbital electron distribution or shape is more difficult 
to obtain. Studies of the angular distributions of photoelectrons 
can in principle yield further information on orbital character,6 

but the theoretical interpretation of orbital asymmetry parameters 
has so far been only moderately successful even for simple 
molecules.7 Total electron densities can be evaluated by using 
X-ray and electron diffraction.9 Although theoretical calculations 
have shown the need for using near-Hartree-Fock basis sets to 
obtain valence electron densities in good agreement with exper­
iment,10 it appears that correlation effects will not generally be 
so large as the uncertainties in the experimental data for the case 
of X-ray diffraction.11 In electron diffraction, higher accuracy 
is obtainable but the data cannot easily be interpreted for other 
than diatomic molecules. In addition, diffraction techniques give 
information on all the electrons, not separating them by orbital. 

The experimental method used in the present work—(e,2e) 
spectroscopy12—yields information about individual electron or-
bitals. The technique consists of high-energy electron impact 
ionization with complete determination of the collision kinematics. 
The cross section for the process can be directly related to the 
single-electron momentum density. To understand the data in 
terms of conventional orbital models, one must either recast the 
models in the momentum representation or transform the data 
into the configuration space representation. We will explore both 
of these routes in this paper. 
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The (e,2e) process is an electron knockout reaction. By 
measuring the momenta of the incident, scattered, and ejected 
electrons, one can determine the instantaneous momentum of the 
ejected electron from conservation considerations. By repeating 
the process many times, one can determine the distribution of 
momentum values. The momentum distribution function is called 
the momentum density just as the position probability function 
is the electron density. 

From the point of view of quantum mechanics, the incident, 
scattered, and ejected electrons are waves which under the ap­
propriate experimental conditions can be written as plane waves. 
If the bound-state total wave function can be represented by a 
single configuration product of one-electron wave functions 

* = A1IIf1 (1) 

then in the binary encounter approximation the (e,2e) cross section 
is 

*(e,2e) = K\(e^\Mm2 (2) 

where K is a constant and the term in brackets is the Fourier 
transform of the wave function for the orbital from which the 
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Table I 

mole­
cule 

CO 

NO 

O2 

molec­
ular 

orbital 

5a 
lrr 
4(7 
3CT 

2ir 
U 
Sa 
Aa 
3<7 

17Tg 

1TTU 

3 Og 

2<JU 

2(7g 

binding 
energies," eV 

14.5 
17.2 
20.1 

10.0 
14-18.9 
16.7, 18.5 
21.7,23.3 

13.1 
17 
18.8,21.1 
25.3, 27.9 

C 2s 

0.69 

0.19 
0.11 

N 2s 

0.24 
0.48 
0.24 

fractional Mulliken 
populations from 

SV calculations 

C2p 

0.34 
0.23 
0.02 
0.08 

N2p 
0.57 
0.43 
0.36 

0.08 

0 2s 

0.01 

0.25 
0.72 

0.04 
0.37 
0.58 

0.16 
0.38 
0.86 

0 2p 

0.08 
0.77 
0.54 
0.09 

0.43 
0.57 
0.36 
0.15 
0.10 

1.00 
1.00 
0.84 
0.02 
0.14 

Table II. Value of Momentum qm for Which p(q) Is a Maximum 
for the Nontotally Symmetric Orbitals of CO, NO, and O2 

molecular <7m> h<*o 

0 Reference 15. 

ejected electron has been removed. The transform is equivalent 
to the momentum space wave function 4>(q) and its square modulus 
is the momentum density p(q). Therefore 

C(e,2e) = Kp(A) (3) 

The position space wave function \p(r) and the momentum 
function 4>(q) are equivalent representations. Thus, 4>(q) and p(q) 
have the same nodal and symmetry properties as \p(F) and p(F). 
The momentum density of a totally symmetric orbital such as an 
atomic s orbital, a diatomic og, or polyatomic alg has a maximum 
at the origin in momentum space. The momentum density for 
an antisymmetric orbital, such as a p, on, or IT orbital, has a 
maximum at some intermediate value of q. Because of the Fourier 
transform relation between yp(F) and <f>(q), an orbital which is 
diffuse in one space is compact in the other. Similarly, the am­
plitude of p{q) at small values of q is related to the amplitude of 
p(F) at large distances. 

A position space representation of the momentum density can 
be obtained by taking the Fourier transform of the momentum 
density.13 The resulting function B(F) is the position space 
analogue of the well-known momentum space X-ray diffraction 
form factor F(q) which itself is the Fourier transform of the charge 
density. Since p(q) and B(F) contain the same information, it is 
legitimate to question the utility of B(F). The usefulness of B(F) 
is based on our bias toward thinking in position space rather than 
momentum space and the important practical point that the 
spherically averaged momentum density p(q) can be measured 
directly in (e,2e) experiments, permitting one to obtain the 
spherically averaged B(F) function B(r) from ,the data in a 
straightforward way. Weyrich et al.14 have discussed in detail 
the B(f) function for the investigation of the electronic structure 
of atoms and molecules. The discussion was entirely theoretical 
and directed at the interpretation of Compton profile measure­
ments. The calculations were of a simple qualitative nature and 
no comparison was made between the theoretical calculations and 
experimental measurements. 

In this paper we discuss the B(r) function in relation to (e,2e) 
measurements in which the individual orbital contributions can 
be isolated, unlike the Compton profile measurements in which 
the profile contains contributions from all the electrons in the atom 
or molecule. To demonstrate the utility of the method, we have 
made direct comparisons between calculations and experimental 
(e,2e) results for the series of diatomic molecules CO, NO, and 
O2. This series was chosen because of the general interest in its 

(13) R. Benesch, S. R. Singh, and V. H. Smith, Jr., Chem. Phys. Lett., 
10, 151 (1971). 

(14) W. Weyrich, P. Pattison, and B. G. Williams, Chem. Phys., 41, 271 
(1979). 

molecule 

CO 

NO 

O2 

orbital 

Ao 
U 
Ao 
U 
2it 
2(7 
1TTU 

1 ^ u 

SV 

0.73 
0.76 
0.73 
0.75 
1.04 
0.78 
0.79 
1.17 

RHF 

0.68 
0.68 
0.68 
0.66 
0.96 
0.75 
0.69 
1.06 

expt 

0.61 
0.66 
0.61 

0.76 
0.69 
0.63 
0.98 

members and the substantial number of compounds in which they 
occur. We were also interested in investigating changes in the 
outermost antibonding orbital of NO and O2 with occupation 
number and changes in the other orbitals as a function of con­
stituent atom electronegativity. 

Results 

The second and third columns of Table I give the ordering and 
binding energies15 for the outermost valence orbitals of CO, NO, 
and O2. The last four columns give the fractional Mulliken 
populations from a split valence (SV) basis SCF calculation16 

obtained by using the computer code GAMESS.17 

Across the series CO, NO, and O2, there is substantial change 
in both orbital character and energies. In general, the binding 
energies increase due to increasing involvement of the more tightly 
bound oxygen valence atomic orbitals. The orbital showing the 
smallest change is the lit while the largest changes occur in 4cr 
and 5<7 (2<xu and 3crg in O2). The change in atomic orbital 
character of the orbitals is also apparent. For example, in CO 
the 3(T orbital is mostly O 2s in character while the So is mostly 
C 2s and C 2p. The CO lir orbital is strongly polarized toward 
the oxygen atom, while the distribution in the NO orbitals is 
intermediate between those of O2 and CO. 

Figures 1-3 show the spherically averaged momentum densities 
for CO, NO, and O2 measured by the (e,2e) experiment at an 
incident electron energy of 400 eV. Also shown for comparison 
are momentum densities calculated from restricted Hartree-Fock 
(RHF) wave functions18 convoluted with the instrument function.19 

The momentum distribution for the lir orbital of NO was not 
measured because of interference from the So orbital, which has 
a similar binding energy and larger cross section at low mo­
mentum. For O2 both doublet and quartet positive ion states are 
accessible from the ground state. We have determined momentum 
distributions at five different binding energies appropriate to 
positive ions formed by ionization of the l7rg, 1TTU, 3crg, 2crg orbitals. 
For a more detailed discussion of the O2 spectrum ref 20 should 
be consulted. Momentum distributions have been calculated from 
both SV and RHF position space wave functions using algorithms 
supplied by Epstein.21 

The momentum densities for the O2 2ou, \tru, and l7rg orbitals 
all have the shape expected for an orbital which changes sign under 
inversion. Similarly, for NO the corresponding orbitals (4<r, \TT, 
and 2ir) appear to have a node at the origin. Since NO does not 
have an inversion center, p(q) is not required by symmetry to be 

(15) K. Siegbahn, C. Nordling, G. Johanasson, J. Hedman, P. K. Hedin, 
K. Hamrin, U. Gelius, T. Bergmart, L. O. Werme, R. Manne, and Y. Baer, 
"ESCA Applied to Free Molecules", North-Holland Publishing Co., Am­
sterdam, 1971. 

(16) R. Ditchfield, W. J. Heher, and J. A. Pople, / . Chem. Phys., 54, 724 
(1971). 

(17) M. Dupuis, D. Spangler, and J. Wendolowski, Nat. Resour. Comput. 
Chem. Software Cat., 1, Prog. No. QGOl (1980). 

(18) P. E. Cade and A. C. Wahl, At. Data Nucl. Data Tables., 13, 339 
(1974); P. E. Cade and W. M. Huo, ibid., 15, 1 (1974). 

(19) J. N. Migdall, M. A. Coplan, D. S. Hench, J. H. Moore, J. A. Tossell, 
V. H. Smith, Jr., and J. W. Lui, Chem. Phys., 57, 141 (1981). 
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20, 289 (1980). 

(21) I. R. Epstein, Chem. Phys. Lett., 9, 9 (1971). 



7418 / . Am. Chem. Soc, Vol. 104, No. 26, 1982 Tossell et al. 

n 1 1 r 

q(W) 
Figure 1. Momentum distribution for 5a, Ix, 4a, and 3a orbitals of CO. 
The points are from the (e,2e) experiment and the curve from the RHF 
wave function. The calculated p(q) has been convoluted with the ex­
perimental instrument function. Experimental binding energies and 
orbital designations are given at upper right of distributions. Momenta 
in units of fta0"'. 

zero at the origin and /o(0) calculated from the theoretical wave 
functions is finite for the 4a orbital. However, its value is so small 
that it probably cannot be observed. The same is true for the 4CT 
orbital of CO. Because the 4<r orbitals of NO and CO are es­
sentially nontotally symmetric, they can be grouped with the 2<ru 

orbital of O2. The Ia1 and 3<xg orbitals of O2 and the Ia and 5a 
orbitals of NO and CO have momentum densities characteristic 
of a symmetric orbital, demonstrating the existence of s character 
within the orbitals. 

A number of qualitative trends are apparent from the results 
in Figures 1-3. The value of q at which the momentum density 

O 02 0.4 0.6 0.8 1.0 1.2 1.4 1.6 1.8 2.0 

q(W) 
Figure 2. Momentum distributions for the 2ir, 5a, and 4a orbitals of NO. 
Symbols as in Figure 1. 

is a maximum is always overestimated by the calculations although 
the discrepancy is less for the RHF functions shown in the figures 
than for the SV functions. In Table II, the theoretical and ex­
perimental values of momenta qm for which p(q) is a maximum 
for the nontotally symmetric orbitals of CO, NO, and O2 are 
compared. This discrepancy is greatest for the antibonding ic 
orbitals of NO and O2, the lit and lirg, respectively. Comparing 
the bonding and antibonding orbitals of O2 and NO, we find that 
the maxima in the momentum densities for the antibonding orbitals 
always lie at higher values of q than for the bonding orbitals. This 
is consistent with the more rapid curvature of the antibonding 
orbital in position space and the higher average momentum. For 
the symmetric orbitals, on the other hand, p(q) decreases more 
slowly for the more tightly bound orbitals resulting in their having 
a higher average momentum than the less tightly bound orbitals. 
From the virial theorem one expects that a lowering of the energy 
of a system will result in a shift of momentum density from regions 
of lower to regions of higher momentum. That this is not the case 
for the symmetric orbitals indicates that the potential fields are 
different for the different orbitals. It is also interesting to note 
that change in the fractional O 2p character in the antibonding 
a orbitals (4<r of CO and NO, 2<ru of O2) is reflected in a sys­
tematic shift of the maximum in the momentum density to larger 
values of q as one proceeds from CO to O2. 
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O 0.2 0.4 0.6 08 1.0 1.2 1.4 1.6 1.8 2.0 22 2,4 

q (TiO0"') 

Figure 3. Momentum distributions for the l7rg, liru, 3ug, 2cru, and 2<rg 
orbitals of O2. Symbols as in Figure 1. 

This comparison of momentum densities and orbital character 
can be extended through the use of the B(r) function which can 
be calculated from the position space wave function \p(f) via the 
autocorrelation function 

(4) 

or from momentum densities p(q) via a Fourier transform 

Because the (e,2e) experiment measures the spherically averaged 
momentum density p(q), comparisons between theory and ex­
periment will be restricted to discussions of the spherically averaged 
function B(r).22 Graphs of B(r) for the valence orbitals of O2 

using RHF wave functions are shown in Figure 4. These plots 
can be understood in a qualitative way by reference to the simple 
wave function contours for the following different orbitals: 

< >o< 

3»„ 2"-» 

These and all but two of the subsequent maps correspond to the 
±0.10(e/flo3)'^2 contours obtained from RHF calculations. For 
the Ai// plots of NO 2ir and O2 liru the maps correspond to the 
±0.0l0(e/a0

3)'/2 contours. When one considers eq 4, it is clear 
the B(r) is a maximum when r equals zero since under this con­
dition the integral is the normalization integral. For this reason 
the B(r) functions of Figure 4 are equal to unity at r = O. 
Furthermore, B(f) will be large in magnitude where ip(s) has 
regions of large amplitude separated by the distance r. The totally 
symmetric 2<rg orbital is always positive in the valence region and 
gives rise to a B(r) which is always positive. The node in the 2<ru 

orbital results in a node in the corresponding B(r) function and 
a negative region for values of r somewhat greater than the in-
ternuclear distance. The nodal properties of simple LCAO mo­
lecular orbitals have been discussed by Weyrich et al.14 

Since all B{r) functions appear qualitatively similar, it is useful 
to consider the difference between B(r) functions 

ABij(r) = Bfc) - Bj(r) 

for comparing two orbitals. The calculation of A5(r) from the 
theoretical wave functions is facilitated by the following ap­
proximation which is correct to second order in the orbital dif­
ferences: 

\Bij(r) « J* $(2) A^(r + s) + W + ?) A*(5)] d? 

where #(J) = 1Z1W1(S) + ij(s)] and A\P(s) = ^1(I) - i/-/?). 
In the following, the use of AB(r) for comparing pairs of orbitals 

within the same molecules as well as for different molecules will 
be demonstrated. The form of AB(r) will be qualitatively in­
terpreted in terms of the correlation between \p and Ai/- calculated 
from SV and RHF wave functions. The usefulness of AS(r) in 
comparing theoretical and experimental B(r) functions will also 
be discussed. Because AB(r) involves an integral over all space 
and our analysis is restricted to wave functions lying in a single 
plane, the approach must be viewed with caution. However, the 
fact that we are dealing with cylindrically symmetric systems 
makes the limitation less serious than for polyatomic molecules. 

Intramolecular Orbital Comparisons. O2 2<ru-2o-g. The dif­
ferences in B(r) functions for the orbitals of O2 exhibit rather clear 
structure. AS(r) = 5(r)2„u - B(r)2c is shown in Figure 5. The 
minimum in AB(r) for r slightly greater than the bond length R 
is readily understood by examining the correlation between <p and 

B(r) = C\p(T) t(s + r) d? (22) J. A. Tossell. 
22,61 (1981). 

J. H. Moore, and M. A. Coplan, /. Electron Spectrosc, 
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A\p. Simple contours of these functions are as follows: 

G 
A y 

Their shape can be understood from the orbital contour plots given 
previously. The magnitude of the overlap between \j/ and Ai/< is 
greatest if one function is displaced along the internuclear axis 
by a distance slightly greater than the bond length. Thus, the 
approximate expression for A5(r) reaches its greatest magnitude 
at r = R and is negative because of the relative signs of \p and 
Af 

A similar conclusion was reached from the algebraic analysis 
of Weyrich et al.14 For the 2„u, Ia1 case they used a minimum 
basis set (MBS) LCAO molecular wave function and showed that 
the position of the minimum in AB(r) was identically equal to 
the bond length. For the more accurate RHF wave functions the 
minimum in AB(r) is at an r value slightly larger than the bond 
length. 

O2 l7rg-liru. AB(r) for RHF lirg and liru orbitals of O2 is shown 
in Figure 6. There is a minimum at a distance slightly less than 
R and a broad maximum at a distance of roughly 27?. These 
features may be interpreted in terms of the wave function sum 
and difference contours. 

The displacement of one contour toward the other by a distance 
slightly less than the bond length accounts for the minimum in 
Afl(r), while displacement of one toward and above (or below) 
the other accounts for the broad maximum. 

O2 lTg-2(Tu. The momentum distributions for the O2 lirg and 
2au orbitals have similar shapes although the lirg is made up of 
O 2p atomic orbitals while the 2tru is primarily composed of O 
2s atomic orbitals. The result is a A5(r) function with a deep 
minimum at a relatively small distance (r = LSa0). This is shown 
in Figure 7. The \p and A\p contours for this orbital pair have 
extrema above and below the bond axis separated by about this 
distance. 

^ O O 

CO 5o-3cr. The 5cr lone pair of CO is mainly C 2s and C 2p 
in character, while the bonding 3<r is primarily O 2s. AiJ(r) 
calculated from RHF wave functions and shown in Figure 8 has 
a minimum at about 1.5o0 and a maximum near 3.5a0-

From the ^ and Ai/' contours it is clear that the minimum correlates 
with a small displacement of ip away from Ai/- along the inter­
nuclear axis and the maximum correlates with a large displacement 

O, 

ITT1, 

0.5 

3o-„ 

0.5 

2a„ 

0.5 

2cr„ 

Figure 4. B{r) for the molecular orbitals of O2 from RHF calculations 
(distances in a0 in this and subsequent figures). 

of if/ toward A^. The maximum in AB(r) at large r reflects both 
the difference in polarization of the two orbitals as well as the 
fact that the lone-pair 5<r orbital is much more diffuse than the 
3<T orbital. 

Intermolecular Orbital Comparison. NO 4u-C0 4CT. The 4CT 
is an antibonding orbital in both NO and CO, but the orbital is 
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O2 (2<ru-2ag) 

< 

-0.10 

OJO 

0 

C0(5a-3cr) 

i i i i 

Figure 5. AB(r) for O2 2<ru-2<rg from RHF wave functions. 

O2 (\wq-\7ru) 

DD 

< 
-0.10 

-0.20 

0 2 4 6 8 
r ( Q 0 ) 

Figure 8. AB(r) for CO Sa-Za from RHF wave functions. 

N04o--C04<r 

0.10 -

OQ 

< 

2 4 6 
r ( Q 0 ) 

Figure 9. AB(r) for NO 4<r-CO Aa from RHF wave functions. 

N05o--C05o-

Figure 6. Afi(r) for O2 1 Ir1-Ix11 from RHF wave functions. 

-0.10 

0 2 ( l7Tg -2o-u ) 

m -0.20 
< 

-0.30 

-0.40 

5-0.10 

-0.20 

2 4 6 8 
r ( Q 0 ) 

Figure 7. Afi(r) for O2 lxg-2<ru from RHF wave functions. 

dominated by O 2p in CO and N 2s in NO. This difference in 
orbital character leads to a net cancellation of amplitude in the 
internuclear region in if/ and to an oscillation of sign along the 
axis in At̂ . The appearance of A.B(r) = 5(/0NO4<7 - B(r)COic 

<& Oi x 

Ay 

2 4 6 
r ( Q 0 ) 

Figure 10. Afi(r) NO 5<r-C0 5a from RHF wave functions. 

(Figure 9) is easily interpreted in terms of if/ and A\p, which have 
regions of maximum amplitude separated by a distance of slightly 
more than half the bond length. 

NO 5<r-CO So-. The NO 5a is a bonding orbital while the CO 
5(j is basically an sp lone pair on the C atom. It is the large C 
2s contribution to the CO 5(7 which accounts for the appearance 
of the \f/ and At̂  contours and thus explains the deep minimum 
in AB(r) (Figure 10). 

OC-O °° ° 
y — ^ y X-N.C X-N.C 
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02 l7rg-N027T 

CD 

-0.05 

Figure 11. AB(r) for O2 lrrg-NO 2ir from RHF wave functions. 

Table III. Values of rm and Magnitudes of the Extrema of AB(r) 
As Derived from Experimental Measurements Using an Integration 
Range of 0-2.4a0

_1 

AB(r) atr = rm 

O J lTTg-

1TTU 

1.6 
-0.146 

orbital pairs 

O 2 l7Tu— O j 1 Wo-

CO U NO 2n 

1.6 1.4 
-0.046 -0.075 

NO 5a-
C 0 5CT 

1.6 
-0.029 

O2 l7Tg-NO 2ir. These antibonding w orbitals are quite similar, 
differing only in that the NO 2TT is somewhat polarized toward 
the N atom. The i/< contour is similarly polarized. 

A * 
X-O1N 

Because of the similarity of the two orbitals, AB(r) (Figure 11) 
is quite small. Displacement of \p relative to A\p along the in-
ternuclear axis to either the right or left by a distance equal to 
the bond length gives the largest contribution to AB(r). Dis­
placement to the right makes a positive contribution and dis­
placement to the left a negative contribution. Because of the 
polarization of the NO 27r, the negative contribution dominates. 

In general, it appears that AB(r) is sensitive to differences in 
orbital character or differences in the spatial extent. In particular 
cases the appearance of AB(r) can be interpreted in terms of the 
\j/ and A\p contours. Furthermore, the examination of AB(r) 
reflects more strongly the differences in orbitals than does the 
examination of the corresponding momentum density maxima. 

B(r) from Measured Momentum Distributions. To obtain B(r) 
functions from experimental momentum distributions, we have 
fitted spline curves to the experimental data and performed nu­
merical integrations over the region from 0.0 to 2Aha0'\ For 
comparison with theory we have correspondingly restricted the 
range of integration to the same region. The magnitudes and the 
positions of the extrema for B{r) and AB(r) functions calculated 
in this way from RHF momentum densities differ by less than 
10% from those of the previous section. In general, we find that 
for the symmetric orbitals the experimental B(r) and AB{r) 
functions differ qualitatively from the calculations. There is 
evidence that the discrepancies are associated with the experi­
mental momentum densities at high q, where the plane wave 
approximation may not be valid. 

For the TT orbitals, the experimental B(r) functions are qual­
itatively similar to the calculations. We attribute this to the fact 
that there is considerable momentum density for these orbitals 
in just those regions of momentum space over which the exper­
iment is most accurate. Values for the positions and extrema of 
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Figure 12. AB{r) for NO 2TT RHF-NO 2ir experimental. 
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Figure 13. AB(r) for O2 l7ru RHF-O2 ITT11 experimental. 

the experimentally derived AB(r) functions for the r orbitals of 
CO, NO, and O2 as well as the NO 5<r and CO 5<r are given in 
Table III. For the O2 l7rg, 1TTU pair, AB{r) derived from ex­
periment differs from the RHF result by 10%. For the NO Sa, 
CO 5a orbital pair, which has the largest calculated magnitude 
of AB(r) at r = rm, we also obtain a qualitatively correct value 
from the experimental data. 

As well as comparing experimentally derived B(r) functions 
for different molecular orbitals, we have compared experimentally 
derived B{r) functions with calculated ones for the same orbital 
using RHF wave functions. We have also calculated AB(r) 
functions for these orbitals using SV and RHF wave functions. 

NO 2TT. RHF and Experiment. The AB(r) plot for RHF and 
experimental B{r) functions is shown in Figure 12. The anti-
bonding NO 2rr is polarized toward the N atom and compared 
to the experimental result the RHF wave function would appear 
to overestimate the polarization and underestimate the diffuseness 
of the orbital. 

O2 l7ru. RHF and Experiment. The comparison between the 
RHF and experimental B(r) functions is shown in the AB(r) plot 
of Figure 13. The negative value of AB{r) suggests that the actual 
magnitude of the wave function is greater in the bonding region 
than predicted by the RHF calculation. 

NO 2TT. SV vs. RHF. For the NO 2TT orbital, ABO) plots 
comparing the SV and RHF theoretical results (Figure 14) and 
the RHF and experimental results (Figure 12) are qualitatively 
similar. The antibonding NO 2rr is polarized toward the N atom. 
Compared to the RHF function, the SV wave function overes-
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Figure 14. A8(r) for NO 2x SV-NO 2x RHF 

timates this polarization and underestimatesthe diffuseness of 
the orbital. This is evident from the following \p and A\t contours: 

.:" O A* 

The negative extremum in AB(r) corresponds to an axial dis­
placement of $ to the left relative to Al/-. The positive extremum 
corresponds to a large displacement up or down and to the right. 
The AB(r) plots suggest a difference between the RHF and ex­
periment which is similar to the difference between the SV and 
RHF calculations. Thus, the NO 2x orbital is more diffuse and 
less polarized than predicted by the RHF wave function. This 
excess polarization is expected to be a common feature of HF 
calculations23 since they are known to exaggerate the contribution 
of ionic structures. Inclusion of correlation reduces this polari­
zation. For example, optimized valence configuration multicon-
figuration SCF studies on CO24 yield a 1 x orbital shifted toward 
C relative to the RHF result. 

O2 IT11. SV VS. RHF. As in the previous case the SV-RHF 
comparison for O2 lxu (Figure 15) is similar to the comparison 
between the RHF result and the experimental data (Figure 13). 

(23) V. H. Smith, Jr., Phys. Scr. 15, 147 (1977). 
(24) F. P. Billingsley, II, and M. Krauss, J. Chem. Phys., 60, 4130 (1974). 
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Figure 15. Afi(r) for O2 lxu RHF-O2 Ix11 RHF. 
The negative value of Aff(r) can be related to the fact that 4/ and 
Aî  are of opposite sign in the x bonding region. 

AV 
This means that the magnitude of the wave function is greater 
in the bonding region for the more flexible RHF function than 
for the SV. The similarity of the SV-RHF and RHF-experiment 
AB(r) once again suggests that in the bond region the magnitude 
of the wave function is in fact greater than predicted by the RHF 
function. 
Conclusions 

Several examples of the use of molecular orbital autocorrelation 
functions and differences in autocorrelation functions have been 
discussed for CO, NO, and O2 with a view toward isolating the 
salient features of the orbitals. Direct comparisons between 
calculated and experimental B(r) functions for the antibonding 
orbitals of NO and O2 show that the calculations generally ov­
erestimate polarization and underestimate diffuseness. As more 
extensive and higher quality data become available from (e,2e) 
experiments, such comparisons can provide guidance in the con­
struction of more accurate wave functions. 
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