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Abstract: Accurate SCF wave functions employing optimized minimum basis sets of Slater-type orbitals are pre­
sented for cyclopropane and benzene. Atomization energies and ionization potentials are calculated and com­
pared with experiment. The energies of the leiE -*• le2u (T —>• rr*) spectroscopic transitions in benzene are approxi­
mated using the le2u virtual orbital. Calculations of the diamagnetic susceptibility of benzene yield an anisotropy 
of reasonable value. Plots of calculated electron density are used to illustrate the nature of bent bonding in cyclo­
propane and cr~T7 interpenetration in benzene. 

The interpretation of the unusual physical and chem­
ical properties of cyclopropane and benzene has 

been a long-standing challenge to experimental and 
theoretical chemists. In this paper the results of self-
consistent-field (SCF) calculations for these two mole­
cules are reported, and these ab initio results are utilized 
to discuss bonding and other properties in cyclopropane 
and benzene. 

Optimized minimum Slater basis sets have been pre­
viously reported for CH 4 , 1 C2H2 and C2H4,23 and C2H6.2b 

The results given here therefore represent an extension 
of this work to larger and more complex systems. Al­
though several larger Gaussian basis sets have been 
reported for both cyclopropane and benzene,3 our re­
sults are the first obtained from an optimized Slater 
basis set. Our Slater wave functions thus provide a 
useful comparison with previous Gaussian calculations, 
in addition to affording the advantage of relative ease 
in chemical interpretation and transferability of orbital 
properties. Because the C-C bonds in benzene and 
cyclopropane represent two extreme examples of bind­
ing in cyclic hydrocarbons, our results will hopefully 
be of further use in both nonempirical and semiempirical 
studies of related molecules, in addition to providing 
useful comparisons with previous calculations on hy­
drocarbons.1 '2 

Calculations 

Wave functions for cyclopropane and benzene were 
determined by the SCF-LCAO method of Roothaan 4 

using computer programs described elsewhere.2 The 
atomic coordinates and numbering system used in these 
calculations are given in Table I. The cyclopropane 
calculation utilized the full £>3h molecular symmetry. 
In the benzene calculation it was found most economical 
to employ D3h symmetry, although the molecular ge­
ometry displays the full D6h symmetry. Because of 
this use of reduced symmetry, each of the nearly de­
generate inner-shell orbitals (molecular orbitals 1-6) 

(1) R. M. Pitzer, / . Chem. Phys., 46, 4871 (1967). 
(2) (a) E. Switkes, R. M. Stevens, and W. N. Lipscomb, ibid., 51, 

5229 (1969); (b) R. M. Stevens, ibid., 52, 1397 (1970). 
(3) (a) R. J. Buenker and S. D. Peyerimhoff, / . Phys. Chem., 73, 1299 

(1969); (b) J. M. Schulman and J. W. Moskowitz, J. Chem. Phys., 47, 
3491 (1967); (c) R. J. Buenker, J. L. Whitten, and J. D. Petke, ibid., 
49, 2261 (1968); (d) R. Gilman and J. De Heer, ibid., 52, 4287 (1970); 
(e) E. Kochanski and J. M. Lehn, Theor. Chim. Acta, 14, 281 (1969); 
(f) H. Basch, N. A. Kuebler, C. Baker, and D. W. Turner, J. Chem. 
Phys., 51, 52 (1969); (g) R. Bonaccorsi, E. Scrocco, and J. Tomasi, 
ibid., 52, 5270 (1970). 

(4) C. C. J. Roothaan, Rev. Mod. Phys., 23, 69 (1951). 

Table I. Geometry of Cyclopropane and Benzene (au) 

x y z 

C3H, 
1H/4H 
2H/5H 
3H/6H 
IC 
2C 
3C 

2.67377 
-1 .33688 
-1 .33688 

1.66277 
-0 .83138 
-0 .83138 

0.0000 
2.31555 

-2 .31555 
0.00000 
1.44000 

-1 .44000 

+ 1.75110 
±1.75110 
±1.75110 

0.00000 
0.00000 
0.00000 

C6O6 
1H/4H 
2H/5H 
3H/6H 
1C/4C 
2C/5C 
3C/6C 

±4.68661 
±2.34331 
±2.34331 
±2.63622 
±1.31811 
±1.31811 

0.00000 
±4.05872 
±4.05872 

0.00000 
±2.28303 
±2.28303 

0.0 
0.0 
0.0 
0.0 
0.0 
0.0 

does not display the full molecular symmetry. These 
slight nonequivalences have no effect on any molecular 
property, since summation over the inner-shell orbitals 
gives fully symmetric results. 

Both calculations used minimum basis sets of Slater-
type orbitals. Earlier experience with hydrocarbons2 

showed that the carbon 2p and hydrogen Is orbital 
exponents were the ones most strongly coupled to 
the molecular energy. Thus both of these orbital ex­
ponents were reoptimized for each molecule. The 
C Is and C 2s exponents were estimated from optimized 
minimum basis set calculations on small molecules.2 

The optimization of the C 2p exponents is especially 
important, since in a minimum basis set the coefficients 
of certain of the components (e.g., 2pz in benzene) 
are completely determined by symmetry. A more com­
plete basis set for cyclopropane or benzene would 
allow for anisotropy in the 2p orbitals.2" The final 
orbital exponents are listed in Table II. 

Table II. Exponents for Basis Orbitals 

C3H6 CgHe 

H i s 1.2096 1.2264 
C I s 5.68 5.68 
C 2s 1.74 1.75 
C 2 p 1.7118 1.6917 

In each of the calculations the integrals over atomic 
basis orbitals were calculated to an accuracy of 1 X 
10 - 5 au. All computations were performed on an 
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Table III. Eigenvalues and Eigenvectors for Cyclopropane 

Table IV. Eigenvalues and Eigenvectors for Benzene 

IBM 7094, Model I, computer. Times for complete 
calculations using a given set of orbital exponents 
were 31 and 135 min for C3H6 and C6H6, respectively. 
The resulting eigenvalues and eigenvectors are given 
in Tables III and IV. One- and two-electron integrals 
over molecular orbitals were obtained using these co­
efficients and the integrals over basis orbitals.5 

(5) Inquiries concerning the availability of copies of the one- and two-
electron integrals over molecular orbitals (on magnetic tape) should be 
sent to Dr. R. M. Stevens. 

0.3079 -0.1060 -0.0396 -0.6616 -0.010O 0.6017 0 . 0 7 » -0.3601 
-0*2000 0.0691 -0.6S10 -0.5016 0.6017 -0.1461 -0.3900 -0.999S 

Energies 

Cyclopropane and benzene provide two extreme ex­
amples of the interrelationship of molecular geometry 
and molecular energy. Unfortunately, current ab 
initio calculations are not sufficiently reliable to permit 
an unambiguous analysis of strain energy in cyclo­
propane or resonance energy in benzene. However, 
in this section we discuss the various components of 
the SCF energy obtained from the present wave function 
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Total energy 
Kinetic energy 
Nuclear attraction 
-EjT 

C3H6" 

-116.8322 
116.9640 

-423.4722 
0.9989 

C3H6
6 

-117.0099 

0.9996 

C3H6 ' 

-116.9918 
116.7766 

-421.2331 
1.0018 

C3H6* 

-116.9164 

1.0034 

C3H6" 

-116.7516 
114.9789 

1.0154 

C6H6" 

-230.2131 
230,3367 

-944.2800 
0,9995 

C6H6/ 

-230 .463 
230.266 

-941.467 
1.0009 

C6H6" 

-230.3745 
228.5077 

1.0082 

° Present calculations. 6 Reference 3f (Gaussian). c Reference 3e (Gaussian). d Reference 3a (Gaussian). « Reference 3g (minimum 
Slater). ' Reference 3b (Gaussian). « Reference 3c (Gaussian). 

and compare these results to those from other SCF 
calculations.3 Calculated ionization potentials, atom-
ization energies, and excitation energies are compared 
with experimental values. 

Table V lists the various components of the SCF 
energy and compares the results obtained with our 
Slater-type basis to those from earlier calculations.3 

The speculation that the [3221] contracted Gaussian 
basis set of Schulman and Moskowitz3b would give 
energies slightly better than those from a minimum 
set of Slater-type orbitals is confirmed by these results. 
An earlier paper6 discussed the various choices of 
atomic reference states in the calculations of atomiza-
tion energies from minimum basis set molecular SCF 
energies. Table VI lists atomization energies calculated 

Table VI. Atomization Energies (au) 

C3H6 C6H6 

Best-atom reference states" 
Constrained-atom reference states6 

Experimental 

0.965 
1.224 
1.295' 

1.479 
1.879 
2.099' 

" Atomic calculations of E. Clementi and D. L. Raimondi, J. 
Chem. Phys., 38, 2686 (1963), used as reference states. 6 Reference 
state taken from atomic calculation with molecular exponents; see 
ref 7. c H. A. Skinner and G. Pilcher, Quart. Rev., Chem. Soc, 
17,264(1963). 

with various reference states and compares these results 
with the experimental values. The fortuitous cancella­
tion of energies observed in the boron hydride atomiza­
tion calculation, which employed constrained atom 
reference states,6 is found to be less reliable in molecules 
with multiple bonds such as benzene. 

The ionization potentials and orbital energies in 

cyclopropane and benzene have been studied by photo-

electron and Rydberg spectroscopy. Table VII corn-

Table VII. Ionization Potentials (eV) 

1C18(TT) 
3 e 2 g 

'asuW 
3e lu 

%„ 2b lu 
3 aig 
!e2g 

° K. Wantanabe, J. 
column from ref 8a. 

Calcd 

C3H6 

10.52 

C6H6 

7.99 
12.03 
12.72 
14.77 
15.30 
16.43 
18.22 
21.15 

Chem. Phys., 26, 

Exptl 

10.09« 

9.36 9.24» 
11.4 10.35 
12.1 11.50 
13,8 
14,7 10.85 
15.4 
16.9 
19.2 

543 (1957). 6 Values in this 
c Values in this column from ref 8b. 

pares these experimental values to the Koopmans' 
ionization potentials calculated from SCF orbital en­
ergies.7 There is good agreement between the cal­
culated and experimental value for cyclopropane. The 
relative ordering of the a and T levels of benzene has 
been considered in two recent analyses of photoelectron 
and Rydberg spectra and other experimental data.8 

In agreement with other ab initio calculations315'0 and 
the experimental analysis of Lindholm and Jonsson8a 

this calculation finds only one a level (3e2g) between 
the two occupied T levels. These results disagree with 
semiempirical calculations9 and other recent interpreta­
tions of experimental data8b which indicate that two 
or more a orbitals lie between the two occupied TT 
levels. Table VII indicates reasonable agreement be­
tween the results of this calculation and the higher 
ionization potential assignments of Lindholm and Jons-
son.8* 

The interpretation of the molecular spectrum of 
benzene provided the impetus for many of the early 
molecular orbital calculations.10 The presence of many 
degenerate and nearly degenerate orbitals suggests that 
only a complete configuration-interaction (CI) cal­
culation will provide a satisfactory interpretation of 
the experimental results. Table VIII lists the excitation 

Table VIII. Transition Energies for ^18 -
Excitations in Benzene 

' e 2 u ( T -»• 7T*) 

State 

3 B 1 1 , 
3E1 1 1 
3B 2 1 1 

' B 2 u 
1BiU 
1E1U 

• Calcd"-
This work 

4.55 
5.94 
7.33 
7.54 
9.07 

11.71 

BWP= 

4.54 
5.73 
6.92 
7.15 
8.38 

10,93 

Exptl6 

3.66 
4.59 
5.76 
4.89 
6.14 
6.76 

(6) E. Switkes, I. R. Epstein, J. A. Tossell, R. M. Stevens, and W. N. 
Lipscomb, J. Amer. Chem. Soc, 92, 3837 (1970). 

" Gilman and De Heer,3d using the alternate molecular orbital 
method, calculate a 3Blu transition of 3.77 eV. Their results, and 
the CI treatment of Buenker, Whitten, and Petke,3c are to be com­
pared with CI results obtained from our wave function.11 6 D. R. 
Kearns, /. Chem. Phys., 37, 1608 (1962). c Reference 3c. 

energies for the various electronic states arising from 
the leig -»• le2u (TT -»• T*) transition. These single-
configuration excitation energies are compared to the 
analogous values from the Gaussian lobe calculations 
of Buenker, Whitten, and Petke.3c These authors 
found the same (incorrect) ordering of states in their 

(7) (a) T. Koopmans, Physica, 1, 105 (1933); (b) M. D. Newton, 
/ . Chem. Phys., 48, 2825 (1968). 

(8) (a) E. Lindholm and B.-6. Jonsson, Chem. Phys. Lett., 1, 501 
(1967); (b) J. Momigny and J. C. Lorquet, ibid., 1, 505 (1967). 

(9) (a) R. Hoffmann, / . Chem. Phys., 39, 1397 (1963); (b) M. D. 
Newton, F. P. Boer, and W. N. Lipscomb, / . Amer. Chem. Soc, 88, 2367 
(1966); (c) M. J. S. Dewar and G. Klopman, ibid., 89, 3089 (1967). 

(10) R. G. Parr, D. P. Craig, and I. G. Ross, / . Chem. Phys., 18, 1561 
(1950), and references therein. 
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Figure 1. Total electron density in three-carbon plane of cyclo­
propane. Contours spaced at intervals of 0.01 electron/au3. 

single-configuration results. On the basis of an ex­
tensive CI treatment, Buenker, et a/.,3 predict the ob­
served order for the 1B2U transition but raise questions 
about the experimental assignment of several higher 
states. The Slater-orbital wave function given here 
will provide an appropriate starting point for CI cal­
culations which hopefully will clarify these assign­
ments. J l 

Population Analysis and Bonding 

Cyclopropane. The nature of the electron distribu­
tion in the C-C bonding region of cyclopropane has 
been a subject of great interest. Tables IX and X list 

Table IX. Overlap Populations and Bond Moments 

Bond 

IC-
IC-

IC-
IC-
IC-
IC-

-IH 
-2C 

-IH 
-2C 
-3C 
-4C 

Overlap population" 

C3H6 
0.799 
0.609 

CeHe 
0.794(0.833) 
1.035(0.977) 

-0.058(-0.25O) 
-0.026 (-0.061) 

Bond moment, P 

1.14 
1.00 

1.13 
0.00 
0.01 
0.00 

1 Values in parentheses are from Gaussian calculations of ref 3b. 

Table X. Orbital Populations and Net Atomic Charges 

H Is 
C Is 
C 2s 
C2p, 
C 2 P l 
C2p, 

H 
C 

C3H6 

Populations 
0.942 
1.995 
1.126 
1.017 
0.886 
1.091 

Charges 
0.058 

-0.115 

CeHe 

0.935 
1.995 
1.107 
1.000 
0.996 
0.967 

0.065(0.23)" 
-0.065(-0.23) 

<* Values in parentheses are from Gaussian calculations of ref 3b. 

overlap and orbital populations,12 net atomic charges,12 

and bond moments.13 Comparison of the overlap 
population in the "strained" C-C bonds of cyclopro­
pane (0.609 electron) with that in the "normal" C-C 

(U) A CI study with the present wave function is being conducted 
by Professor K. Morokuma. 

(12) R. S. Mulliken,/. Chem. Phys., 23, 1833 (1955). 
(13) K. Ruedenberg, Rev. Mod. Phys., 34, 326 (1962). 

single bond in ethane2b (0.759 electron) indicates a 
significant reduction in bonding. A second indication 
of anisotropy in the C-C bond is found in the nonzero 
bond moment (1.0 D), which has a direction per­
pendicular to the C-C direction and sense indicating 
greater electron density exterior to the ring. 

Several measures may be used to determine the 
degree of "bent" bonding in the cyclopropane ring. An 
objective procedure which isolates a C-C bond from 
the total electron density has been applied to our 
cyclopropane wave function.14 The hybrids involved 
in the localized C-C bond form an angle of 28° with 
the internuclear direction. Alternatively, the relative 
Pz and PJ, orbital populations listed in Table X indicate 
an angle of 21°. These estimates are in accord both 
with earlier calculations,16 which give a bonding angle 
of 22°, and with an experimentally determined angle 
of 20 ± 1 0 ° obtained from X-ray diffraction data.16 

Since the partitioning of the total electron density 
and dipole moment according to Mulliken12 and 
Ruedenberg13 are not invariant to transformations 
within the basis set, comparison of population indices 
from calculations employing different basis sets must 
be viewed with caution {e.g., the comparison of Slater 
and Gaussian calculations in Tables IX and X). For­
tunately, the total electron density at a point is invariant 
to such transformations. Figure 1 plots the calculated 
electron density in the C-C-C plane of cyclopropane.17 

As was previously noted,14 the large calculated and 
experimental bonding angles belie the absence of sig­
nificant "bending" of the total C-C electron density. 
In fact, the ridge of maximum electron density of the 
C-C bond in Figure 1 makes an angle of 8.5° with 
the C-C direction. This measure is consistent with a 
similar angle of 7.5° found in a semiempirical calcula­
tion.18 

The difference between the molecular electron density 
and that of the constituent atoms provides a useful 
picture of bonding. Figures 2 and 3 show the difference 
of the cyclopropane electron density calculated from 
our wave function and that obtained from the sum 
of spherical-atom electron densities. SCF wave func­
tions employing the molecular exponents were used 
to determine the carbon and hydrogen atomic densities. 
In Figure 2 the carbon atom reference state is s2p2, 3P, 
while in Figure 3 the reference state is sp3, 3P. Both 
maps clearly show the accumulation of charge in the 
region of the C-C bond. Specifically, the peak differ­
ence density in the region of the C-C bond corresponds 
to an increase of 0.295 electron/A3 for Figure 2 and 
0.308 electron/A3 for Figure 3. The similarity between 
Figures 2 and 3 is due largely to the near equality of 
the carbon 2s and 2p exponents in our optimized basis 
set. 

Comparison of our maps with analogous plots which 
utilize molecular densities determined experimentally 
from X-ray studies on cyclopropane derivatives1619 

(14) M. D. Newton, E. Switkes, and W. N. Lipscomb, / . Chem. Phys., 
53, 2645 (1970). 

(15) (a) C. A. Coulson and W. E. Moffitt, Phil. Mag., 40, 1 (1949); 
(b) C. A. Coulson and T. H. Goodwin,/. Chem. Soc, 3161 (1963). 

(16) C. J. Fritchie, Acta CrystaUogr., 20, 27 (1966). 
(17) This map may be compared to the analogous plot given by 

Buenker and Peyerimhoff; see ref 3a. 
(18) R. Hoffmann, / . Chem. Phys., 40, 2480 (1964). 
(19) (a) A. Hartman and F. L. Hirshfeld, Acta CrystaUogr., 20, 81 

(1966); (b) A. Hartman, Thesis, The Weizmann Institute of Science, 
Rehovot, Israel. Address inquiries to Professor F. L. Hirshfeld. 
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Figure 2. Difference density (molecular electron density minus sum 
of spherical atom densities) in cyclopropane three-carbon plane. 
Solid lines indicate positive density, dotted lines zero density, 
dashed lines negative density. The contour interval is 0.05 elec­
tion/A3. The carbon atom reference state is s2p2,3P. 

'/^m^^/M^BM^ 

Figure 3. Difference density analogous to Figure 2. The carbon 
atom reference state is sp3,3P. 

indicate qualitatively good agreement. However, the 
effects of thermal vibrations, series termination, and 
least-squares refinements on the experimental results, 
and the inadequacies of a minimum basis set on the 
theoretical calculations all tend to diminish quantita­
tive agreement between experimental and theoretical 
maps. Thus, for example, experimental difference den­
sity maps obtained from low-temperature (~80°K) 
X-ray work show strikingly better agreement with our 
calculated maps.19b 

As previously discussed,6 the use of optimized mo­
lecular exponents for the atomic reference states does 
not allow for the effects of orbital contraction on mo­
lecular binding.13 However, use of numerical Hartree-
Fock wave functions20 (Figures 4 and 5) for the carbon 
atom reference states actually worsens the quantitative 
agreement between theory and experiment. Although 
the results of Hartman and Hirshfeld19 depend on 
scattering factors calculated from a numerical Hartree-
Fock wave function,21 subtraction of numerical Har-

(20) The numerical Hartree-Fock wave functions for carbon are 
reported by A. Jucys: for s2p2, Proc. Roy. Soc, Ser. A, 173, 64 
(1939); and, for sp', J.Phys. (USSR), 11, 49 (1947). The latter was 
kindly supplied to us by Dr. Jucys. 

(21) The scattering factors used by Hartman and Hirshfeld are re­
ported by J. Berghuis, I. M. Haanappel, M. Potters, B. O.'Loopstra, 
C. H. MacGillavry, and A. L. Veenendaal, Acta Crystallogr., 8, 478 
(1955). An apparently identical calculation by V. R. AUman [ibid., 

Figure 4. Difference density analogous to Figure 2. The carbon 
atom wave function is a numerical Hartree-Fock s2p2, 3P. Peak 
difference density in C-C bond region is 0.380 electron/A3. 

Figure 5. Difference density analogous to Figure 3. The carbon 
atom wave function is a numerical Hartree-Fock sp3, 3P. Peak 
difference density in the C-C bond region is 0.445 electron/A3. 

tree-Fock carbon densities from our minimum basis 
set molecular function apparently produces an un­
balanced map, in which the shortcomings of the mini­
mum basis set are uncompensated. In Figures 2 and 3 
these deficiencies hopefully tend to cancel. 

The greater flexibility of the Hartree-Fock atomic 
orbitals vis-a-vis our minimum basis set orbitals is 
reflected in the significant discrepancy between Fig­
ures 4 and 5 as compared to the relatively small differ­
ence between Figures 2 and 3. However, both com­
parisons show that subtraction of the atomic sp3, 3P 
state gives a greater increase of charge in the C-C 
bonding region than does subtraction of an s2p2, 3P 
state. In general then, the choice of atomic reference 
state may be significant, and comparisons between 
theoretical and experimental difference densities should 
consider this fact. Consequently, we strongly recom­
mend that experimentalists and theoreticians make 
available both the wave functions and the scattering 
curves from which their difference densities are ob­
tained. Accordingly, we include in Tables XI and XII 
the scattering factors and relevant expansion coefficients 
for the carbon atom wave function used in our differ­
ence-density maps.22 

22, 432 (1967)] gives scattering factors which differ by as much as 0.08. 
These discrepancies remain unresolved. 

(22) AU scattering factors were calculated on an IBM 360-65 com­
puter. The scattering factors for the Slater basis set were determined by 
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Figure 6, Total electron density in molecular plane of benzene 
(upper half of molecule). 

Benzene. Many of the unique chemical and physical 
properties of benzene have been attributed to the inter­
action of the six Tr electrons. A comparison of cal­
culated C-C overlap populations in the series ethane,2b 

?ra7!s-butadiene23 (interior C-C bond), and ethylene2* 

Figure 7. Superposition of the 3e>g (7) and leis (TT) molecular 
orbitals in benzene. Plane perpendicular to the molecular plane of 
benzene and bisecting opposite C-C bonds. Contours start at 
0.004 electron/au3. Contour interval 0.004 electron/au \ 

Table XI. Atomic Scattering Factors for Carbon 
3P Wave Functions 

sin (B)IX, 
radians/ 

A 

0.05 
0.10 
0.15 
0.20 
0.25 
0.30 
0.35 
0.40 
0.50 
0.60 
0.70 
0.80 
0.90 
1.00 
1.10 
1.20 
1.30 

Mini­
mum 
Slater 

5.811 
5.300 
4.599 
3.861 
3.199 
2.668 
2.276 
2.002 
1.689 
1.532 
1.425 
1.327 
1.228 
1.126 
1.026 
0.928 
0.836 

Numerical 
HF 

5.75 ± 0.01 
5.12 ± 0.01 
4.32 ± 0.02 
3.56 ± 0.02 
2.94 ± 0.02 
2.48 ± 0.02 
2.16 ± 0.02 
1.93 ± 0.02 
1.67 - 0.01 
1.525 ± 0.01 
1.42 ± 0.01 
1.31 ± 0.01 
1.21 ± 0.01 
1.107 ± 0.006 
1.006 ± 0.005 
0.910 ± 0.004 
0.818 ± 0.002 

Mini­
mum 
Slater 

5.812 
5.303 
4.605 
3.871 
3.212 
2.684 
2.293 
2.018 
1.698 
1.532 
1.417 
1.312 
1.208 
1.104 
1.002 
0.904 
0.813 

.. 
sp 

Numerical 
HF 

5.73 ± 0.01 
5.05 ± 0.01 
4.24 ± 0.02 
3.50 ± 0.02 
2.91 ± 0.02 
2.48 ± 0.02 
2.17 ± 0.02 
1.95 ± 0.02 
1.69 ± 0.01 
1.54 ± 0.01 
1.42 ± 0.01 
1.30 ± 0.01 
1.20 ± 0.01 
1.089 ± 0.006 
0.987 ± 0.005 
0.891 ± 0.004 
0.800 ± 0.002 

(0.759, 0.840. 1.219, respectively) with benzene (1.035) 
indicates that the benzene C-C bonding density is, 
as expected, intermediate between that of a single 
and a double bond and that benzene displays sig-

exact formulas, 
integrals 

For the numerical Hartree-Fock wave functions, the 

/ . ' 
- P K 2 M sin (nr)//irdr 

where p = 47r(sin 8)/\, were uniformly calculated as follows: (i) to the 
same upper limit, n = 13OH, where «H is the Bohr radius; (ii) in the 
same steps, r/ay = 0 (0.005), 0.3 (0.05), 13.0 (for the latter purpose the 
data from the literature were interpolated linearly to the required inter­
vals; integrations were performed using Simpson's rule). 

The integrations were checked as follows: (i) by the normalizing 
integral 

/ ; 
PK*(r)dr 

(ii) by interpolating the total density, and by interpolating the value of 
each MO; (iii) in the case of the s2p2, 3P function, by comparison with 
scattering factors for the analogous Slater basis set: E. dementi, C. C. 
J. Roothaan, and M. Yoshimine, Phys. Rev., Ill, 1618 (1962). A check 
of point densities showed the Slater set values to agree with the numeri­
cal Hartree-Fock results to at least 0.14% (the numerical Hartree-Fock 
values are reported to only three significant figures) for 0 < r < 3.0 au, 
and to at least 0.00001 electron/au3 for larger values of r. 

(23) E. Switkes, unpublished. 

nificantly greater derealization than is found across 
the "single bond" in 7ra/«-butadiene. The negative 
1C-4C overlap population gives no indication of net 
bonding across the ring, although the importance of 
Dewar structures cannot be eliminated without a 

Table XII. Expansion Coefficients for Minimum Basis Set 
Carbon Wave Functions 

Basis 
orbital Exponent Is 2s 2p 

Is 
2s 
2p 

Is 
2s 
2p 

5 
1 
1 

5 
1 
1 

74 
1.7118 

74 
1.7118 

s2p2, 3P 
0.99634 
0.01441 
0.0 

sp3, 3P 
0.99605 
0.01554 
0.0 

-0.2689 
1.03191 
0.0 

-0.27007 
1.03189 
0.0 

0.0 
0.0 
1.0 

0.0 
0.0 
1.0 

careful study which permits a multiplicity of configura­
tions and which considers the magnitudes of normal 
negative-overlap populations arising from nonbonded 
repulsions.24 Figure 6 displays the total molecular 
electron density in the upper half-plane of the benzene 
molecule. 

The concept of a-ir separation in molecular calcula­
tions10'25 was originally based on an assumption of 
the independence of the T electrons above and below 
the plane of the molecule and the a electrons localized 
near the molecular plane. Earlier all-electron cal­
culations suggested strong interpenetration of the a-
and 7r-electron densities.9b Figure 7 is a superposition 
of the electron densities in the highest occupied a 
(3e2g) and highest occupied IT (leig) molecular orbitals 
in benzene. The plane of the figure is perpendicular 
to the molecular plane and bisects opposite C-C bonds. 
The degree of penetration of these electron distributions 
indicates a significant interaction between the a and TT 

(24) (a) M. D. Newton and C. A. Coulson, MoI. Phys., 15, 305 (1968); 
(b) C. A. Coulson, ibid., IS, 317 (1968). 

(25) (a) L. Pauling, / . Chem. Phys., 4, 673 (1936); (b) T. Itoh, K. 
Ohno, and H. Yoshizumi, J. Phys. Soc. Jap., 10, 103 (1955); (c) J. 
Baudet, J. Guy, and J. Tillieu, J. Phys. Radium, 21, 600 (1960); (d) G. G. 
Hall and A. Hardison, Proc. Roy. Soc, Ser. A, 268, 328 (1962); (e) A. T. 
Amos and H. G. Roberts, / . Chem. Phys., SO, 2375 (1969). 
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electrons. Also noteworthy is the shift of the 3e2g 

density toward the outer side of the benzene ring. How­
ever, the small bond moments (compare to C3H6) 
listed in Table IX indicate that the total electron density 
in each C-C bond is almost isotropic. 

Magnetic Properties of Benzene 

Calculation of the anisotropy in the magnetic sus­
ceptibility tensor for benzene has been the subject 
of much theoretical work.25 Past experience26 has 
shown that a thorough treatment of this problem by 
the method of coupled Hartree-Fock theory would 
require a basis set roughly three times our minimal 
Slater set. Presently such calculations are impractical. 
Thus, for example, recent calculations258-11 have con­
centrated primarily on the contribution of the r elec­
trons, taking the contributions of the localized a 
electrons from empirical values. 

The magnetic susceptibility is expressed as the sum 
of two terms of opposite sign, a negative, or diamag-
netic term, and a positive, or paramagnetic term. Using 
our minimum Slater basis set wave function, we have 
calculated the diamagnetic term with the gauge origin 
at the center of electronic charge. Use of this particular 
gauge origin facilitates comparison with the experi­
mental results of Shoemaker and Flygare27 and pro­
vides for hopefully minimal error, since the diamag­
netic term, which is proportional to the expectation 
value of the second-order Hamiltonian, has a minimum 
in absolute value for this choice of gauge origin.28 Our 
previous experience29 has indicated that an optimized 
minimum Slater set is adequate to describe this diamag­
netic contribution. The results of our calculation are 
shown in Table XIII. The agreement with experi­
ment is excellent. 

(26) W. N. Lipscomb, Advan. Magn. Resonance, 2, 137 (1966). 
(27) R. L. Shoemaker and W. H. Flygare, / . Chem. Phys., 51, 2988 

(1969). 
(28) S. I. Chan and T. P. Das, ibid., 37, 1527 (1962). 
(29) E. A. Laws, R. M. Stevens, and W. N. Lipscomb, Chem. Phys. 

Lett., 4, 159 (1969), and references therein. 

Table XIII. Components of the xd Tensor of Benzene with 
Gauge Origin at Center of Electronic Charge 

Present 
calculations Exptl« 

X«d, PPm 
a electrons -453.82 
T electrons —55.46 

Total -509.28 -508 ± 20 
X«d = X,yd, PPm 

a electrons -246.23 
7T electrons —39.76 

Total -285.99 -286 ± 10 
« See ref 27. 

It is noteworthy that the 7r-electron contribution 
to XzzA differs by only 4.2 ppm from the experimental 
anisotropy of 59.7 ppm.30 The much earlier work of 
Pauling,25" based on the concept of cr-w separability 
and a cylindrically symmetric potential for the r elec­
trons, assumed these two quantities to be equal. How­
ever, the significant interpenetration of a and T elec­
tron densities indicated in Figure 7 seriously questions 
the former of these assumptions. Thus a fortuitous 
cancellation of terms is responsible in part for the 
apparent accuracy of Pauling's original calculation. 
From the calculated anisotropy —509 + 286 = —223 
ppm of the diamagnetic term (Table VIII) and the 
experimental total ansiotropy of 60 ppm we suggest 
that the anisotropy in the paramagnetic terms is x?zp — 

X«p = Xip ~ XM
P = 163 ppm. 
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