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kcal/mol. The lower value for 1(C,) can be attributed to sig­
nificant hyperconjugation with the C1C6, C6C7, and C7C8 
bonds in the isolated ion. This is revealed in the relatively high 
6L for 1(Cs) as compared to isopropyl (-7.15 eV) and cyclo-
pentyl (—6.88 eV) and by the lengthening of the hyperconju­
gating bonds in 1(CS) as compared to 1(C2K). viz., Figures 1 
and 2. The hyperconjugation may be responsible for the 
moderate rate enhancement observed during acetolysis of 9-
homocubyl tosylate.3 The interactions should be stronger than 
in 7-norbornyl cation, for example, since the hyperconjugating 
bonds in 1 are more strained and are in cyclobutyl rings. 

The low 2 L ( C + ) ' S and high «L'S for 2,4, and 5 attest to the 
extreme derealization in these species. The result is A£s

est 

values that fall below the hydrogen bond energies (~7 kcal/ 
mol), so these ions prefer coordination of HCl with hydrogen 
rather than carbon. Thus, this analysis also finds that the de-
localized ions are not expected to bond as strongly to a coun-
terion or molecule in an ion pair as the more localized species, 
1. In addition, the same factors, derealization and high 
LUMO energy, should lead to small substituent effects for 
solvolyses that generate the delocalized ions. This prediction 
has been verified for 5.7 
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ration between the behavior of the core and the valence or-
bitals. The pseudopotential approach to electronic structure 
calculations is based on just such a separation between the core 
and valence regions. This leads one to question whether the two 

A New, Simple ab Initio Pseudopotential for Use in 
Floating Spherical Gaussian Orbital Calculations. 2. 
Some Results for Hydrocarbons 
S. Topiol,*la A. A. Frost,1* J. W. Moskowitz,lb and M. A. Ratnerlc 

Contribution from the Departments of Chemistry and Chemistry and Materials Research 
Center, Northwestern University, Evanston, Illinois 60201, and the Department of Chemistry, 
New York University, New York, New York 10003. Received November 15,1976 

Abstract: A recently proposed model potential scheme is used to replace the Is core orbitals for carbon in FSGO calculations. 
Comparisons with all-electron FSGO results indicate good agreement for C2H6, C2H4, C2H2, C3H6 (cyclopropane), and 
LiCH3. 

Journal of the American Chemical Society / 99:13 / June 22,1977 



4277 

Table I. Model Potential Parameters (au) (cf. eq 1, 2b) 

a & «2s-«is 

C 12.0 2.75 10.624 
W 3.13 1.70 2.2653 

n 

0 
2 

0 Reference 2a. 

Table II. Optimized Geometries for Hydrocarbons (Distances in 
au) 

Molecule 
property 

Model 
potential FSGO0 Obsd* 

Methane 
Rc-H 

Ethane(staggered) 
Rc c 
Rc H 
ZH-C-H, deg 

Ethane(eclipsed) 
Rc-c 
RC-H 
zH-C-H,deg 

Ethylene 
Rcc 
Rc -H 
zH-C-H, deg 

Acetylene 
RC-H 

Cyclopropane 

Rc c 

ZH-C-H, deg 

2.113 2.107 2.065 

2.843 
2.119 
107.97 

2.864 
2.109 
107.96 

2.556 
2.075 
118.82 

2.289 
2.032 

2.888 
2.114 
113.84 

2.836 
2.117 
108.2 

2.859 
2.114 
107.7 

2.554 
2.081 
118.7 

2.296 
2.039 

2.897 
2.108 
114.4 

2.899 
2.065 
109.1 

2.527 
2.052 
117.3 

2.277 
2.001 

2.8541 

a A, A. Frost and R. A. Rouse, J. Am. Chem. Soc, 90,1965 (1968). 
* L. E. Sutton, Ed., Chem. Soc, Spec. Publ. No. 18 (1965). c J. 
Bastiansen, F. N. Fritsch, and K. Hedberg, Acta Crystallogr., 17, 538 
(1964). 

schemes (FSGO and pseudopotential) may be used together. 
Some calculations of FSGO-pseudopotential type have already 
been reported by a number of workers,3-6 and the results have, 
in general, been rather unsatisfactory, yielding substantial 
errors when compared either to all-electron FSGO calculations 
or to experiment. The most satisfactory FSGO pseudopotential 
has been that developed by Barthelat and Durand3 using the 
Simons7 pseudopotential, but even this has two serious draw­
backs: First, it is semiempirical (based on experimental ion­
ization potentials) whereas the FSGO procedure is entirely ab 
initio. Second, it gives poor predictions for the geometries of 
molecules containing atoms at either end of the first row. We 
have suggested2"*6 that the advantages of the Simons potential 
compared to more elaborate Hartree-Fock-type pseudopo-
tentials may arise from its very simple form, which does not 
have the elaborate functional dependence on the radial distance 
which is characteristic of the Hartree-Fock-type potentials; 
the less structured potential should be more in balance with 
the rather crude description of the valence electronic structure 
provided by FSGO. 

Based on the supposition that a model potential without 
detailed structure would work best within the FSGO frame­
work, we recently proposed a method23 for determining an ab 
initio model potential for use in conjunction with FSGO cal­
culations. In the present article we develop such a potential for 
the carbon atom and perform some test calculations in an 
FSGO framework. The form of the model potential used is 

Table III. Orbital Energies for Ethane in the Staggered 
Configuration (au) 

Orbital 
Model 

potential FSGO Ab initio SCF" 

Ie8 
3a,g 

leu 

2a2u 
2aig 

-0.352 
-0.363 
-0.459 
-0.815 
-1.023 

-0.357 
-0.367 
-0.464 
-0.733 
-0.947 

-0.485 
-0.493 
-0.601 
-0.836 
-1.021 

" S. Topiol, M. A. Ratner, and J. W. Moskowitz, unpublished re­
sults, using double-f quality basis set, performed at the experimental 
geometry. 

where P\ is the angular momentum projection operator 

V,. 

V0 

_ (*2s - (\s) -(Jr? 

and 

(2a) 

(2b) 

where nc is the number of core electrons, e]s and e2S are the Is 
and 2s orbital energies,8 and a, 0, and n are parameters. 

The parameters a and /3 are optimized sequentially. One first 
replaces Ks.p in eq 2b with a Phillips-Kleinman11 type core 
projection operator: 

(f2s - e i s ) | v i s > ( p i s (3) 

where for <pu one uses a STO-3G expansion. Then a is varied 
so as to give the best agreement with the all-electron FSGO 
results for the C-H bond distance in CH4. Having determined 
a, eq 3 is now changed back to eq 2 and /3 is optimized in the 
same way. This solution is obviously not unique, since two 
parameters, a and /3, are used to match one datum, the C-H 
distance. The sequential method employed does, however, yield 
unique values; this crude procedure is found to be sufficient 
for the FSGO potentials. 

Results and Discussion 

The parameters for the model potential are given in Table 
I. These have been adjusted to give good agreement with the 
all-electron FSGO calculations for methane. In Table II we 
present the optimized geometries obtained using this model 
potential for various hydrocarbons. The agreement with all-
electron FSGO results is quite good. For CH4 this is not sur­
prising since CH4 was used to optimize the potential. In ethane 
the carbon atom is still in an almost tetrahedral environment, 
and one can see how well the model describes the C-C bond 
(i.e., the interaction of two carbon potentials). Ethylene and 
acetylene serve as a test of the potential in an unsaturated 
environment. In these cases the C-C bonding orbitals were 
handled exactly as in the all-electron FSGO calculations9 

(placing them 0.1 and 0.2 units off the C-C axis for ethylene 
and acetylene, respectively). The cyclopropane calculations 
test the potential in a strained environment. 

Table III contains the orbital energies for ethane in the 
staggered configuration. The upper three orbital energies (leg, 
3aig, leu) are in good agreement with FSGO energies. The 
other two orbital energies (the 2aig and 2a2U orbitals, which 
are primarily the (carbon 2s)-(carbon 2s) bonding and anti-
bonding pair) are seen to be much closer to the ab initio results 
than to the full FSGO (no model potential) results. This has 
been found to be a general trend.10 To understand this, we 
recall that in the construction of the potential, the Ks.p part of 
the potential was modeled after the Phillips-Kleinman11 core 
projection term: 

{/model - vJr) + V1 
s-p1 (r)Pi-. (D («2s - «ls)klsKpls| (3) 

Topiol et al. / FSGO Calculations for Hydrocarbons 
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Table IV. Optimized Geometry for LiCH3 (Distances in au) 

Rc H 
ZH-C-H, deg 

Model 
potential 

3.482 
2.195 
96.66 

FSGO 
(frozen Is core) 

3.613 
2.188 
96.34 

Ab initio" 

3.819 
2.058 
105.8 

which tends to preserve the proper valence energy. Thus the 
2a l g and 2a2U orbitals, which sample this part of the potential 
most heavily, give improved orbital energies. 

Finally, in Table IV we present the results of calculations 
on LiCH3 where for Li we have used the model potential de­
veloped earlier (ref 2a). This tests the model when two different 
(C, Li) potentials interact. It is seen that the agreement of C-Li 
bond distance is not as good as some of the previous results but 
is still acceptable. 

Conclusion 

The model potential developed in ref 2a has been shown to 
work quite well when used in an FSGO scheme for some or­
ganic compounds. The improvement over attempted calcula­
tions, employing more structured and more sophisticated po­
tentials, is particularly noteworthy and seems to justify pre­
vious conclusions about the need to balance the extent of de­
tailed structure in the description of core and valence regions. 
As a next step the present method may be extended to larger 

Simple 7T-MO calculations have proved to be successful 
in describing the 7r-electronic structure of planar aromatic 
hydrocarbons. For the description of hyperfine splittings (hfs) 
and electronic g factors excited molecular states with a sym­
metry have to be taken into account, but in most cases only 
gross assumptions about the distribution and energies of the 
a electrons seem to be required. Previously, Stone had shown 
that a linear correlation between experimentally determined 
g factors and the energy of the half-filled MO of planar aro­
matic radicals is expected, assuming a large energy gap be­
tween the w and a electrons.1 Results from photoelectron 
spectroscopy for a variety of aromatic molecules contradict this 
assumption, indicating the absence of such a large energy gap.2 

In molecules with lowered symmetry such as sterically over-

atoms where greater savings over the all-electron FSGO cal­
culations would be realized. In addition, it seems one might 
consider optimizing a similar model to give closer agreement 
with experimental rather than FSGO results. Both of these 
possibilities are being investigated. 
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crowded phenyl substituted aromatic compounds, separation 
of it and a electrons for symmetry reasons is no longer valid. 
Indeed, experimental g factors of nonplanar phenyl substituted 
aromatic radical ions, e.g., the ions of rubrene, 9,10-diphe-
nylanthracene (1), and 9-phenylanthracene (5), do not fit 
Stone's correlation. Labeling of the compounds refers to Figure 
1. 

Recently an attempt was made to account for this by mixing 
the ir-type MO's of the unpaired electron with <s MO's of the 
phenyl substituent.3 This phenyl hyperconjugation model is 
similar to the description of the conventional methyl hyper­
conjugation.4 The g-factor anomalies cannot be rationalized 
by this model owing to the neglect of large spin-orbit matrix 
elements resulting from tt-a mixing.3b The unpaired electron 
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Abstract: From the negative and positive radical ions of partially deuterated phenyl substituted anthracenes ESR and 
ENDOR-in-solution spectra have been recorded, which suggest that pure 7T-MO theories fail to describe the spin distribution 
in highly twisted aromatic radical ions. The observed sequence of the phenyl proton coupling constants |aHmela| = |flHpara| 
< |tfHorth°| points to the necessity of ir-a mixing to interpret the observed data. Deuterium ENDOR resonances in solution 
have been detected for the first time. Sign determinations of the hfs couplings were performed using the new electron-nuclear-
nuclear TRIPLE resonance technique. The synthesis of the various deuterated phenyl substituted anthracenes is described. 
Unambiguous assignments of the deuterated positions were performed using mass spectroscopy, 1H and 13C NMR including 
noise- and off-resonance-decoupling techniques, respectively. 
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