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Introduction 

Acrolein C F h = C H — C H = O is a molecule with interact­
ing ethylenic and carbonyl chromophores. In a recent paper 
in this journal, Dykstra reported extensive SCF calculations 
on several excited states of acrolein.1 This was followed by a 
CI calculation for the lowest states of symmetry different from 
the ground state.2 While most of the results in these papers 
seem correct, the ASCF results for the lowest 1A' excited state 
produced energies much lower than CI results by other 
workers.3'4 On the basis of these calculations, Dykstra con­
cluded1 that acrolein has a low-energy (3.52 eV) 1TnT* excited 
state of the form - C H 2 - C H = C H - O - , although he later 
recognized that there might be some problem with this result 
because the SCF wave functions for the excited state and 
ground state have nonzero overlap.2 

Dykstra's calculations were performed by minimizing the 
energy subject to the constraint that 7r and x* be orthogonal. 
We show here that this low energy is a rather extreme example 
of the well-known inapplicability of this SCF procedure to 
singlet states where both open shell orbitals are of the same 
symmetry. 

Procedure 

Dunning's5 [5s,3p] contraction of Huzinaga's6 (9s,5p) 
Cartesian Gaussian basis plus a (2s,p,d) set of Rydberg func­
tions7 centered midway between the central carbon atoms were 
used. SCF calculations were done on the ground state and the 

(20) C. C. Costain, J. Chem. Phys., 29, 864 (1958). 
(21) W. J. Hehre, R. F. Stewart, and J. A. Pople, J. Chem. Phys., 51, 2657 

(1969). 
(22) B. E. Mills, R. L. Martin, and D. A. Shirley, J. Am. Chem. Soc, 98, 2380 

(1976). 
(23) Y. K. Lau and P. Kebarle, J. Am. Chem. Soc, 98, 7452 (1976). 
(24) J. L. Beauchamp, Annu. Rev. Phys. Chem., 22, 527 (1971). 
(25) S. Srebrenick, H. Weinstein, and R. Pauncz, Chem. Phys. Lett. 20, 419 

(1973). 
(26) D. W. Davis and D. A. Shirley, J. Am. Chem. Soc, 98, 7898 (1976). 
(27) R. S. Mulliken, J. Chem. Phys., 23, 1833 (1955). 
(28) M. Yafiez, R. F. Stewart, and J. A. Pople, Acta Crystallogr., Sect. A, 34, 

641(1978). 
(29) W. F. Reynolds, P. G. Mezey, W. J. Hehre, R. D. Topsom, and R. W. Taft, 

J. Am. Chem. Soc, 99, 5821 (1977). 
(30) J. E. Del Bene, J. Am. Chem. Soc, 100, 1673 (1978). 
(31) P. Beak and J. B. Covington, J. Am. Chem. Soc, 100, 3961 (1978), and 

references cited therein; J. S. Kwiatkowki, J. MoI. Struct., 10, 245 (1971), 
and references cited therein. 

(32) INDO fully optimized geometry of the lactam form of 4-hydroxypyridine; 
N1C2 = 1.380, C2C3 = 1.349, C3C4 = 1.439, C407 = 1.289; N1C2C3 
= 121.4, C2N1C6 = 119.1, C2C3C4 = 121.7, C3C4C5 = 114.7 (bond 
lengths in angstroms and bond angles in degrees). 

(33) J. Catalan and A. Macias, J. MoI. Struct., 38, 209 (1977); E. Canadell, J. 
Catalan, and J. I. Fernandez-Alonso, Adv. MoI. Relaxation, Processes, 12, 
265(1978). 

lowest 'TTTT* state of acrolein at its equilibrium ground-state 
geometry.8 At this geometry, the molecule has Cs symmetry 
and both of these states are 1A'. 

The 'TT7T* state energy was calculated by two different SCF 
procedures. One used the normal SCF procedure where the 
singly occupied orbitals are constrained to be orthogonal and 
the absolute minimum in the energy is sought subject to this 
constraint.9 This procedure is correct for finding the lowest 
energy state of any symmetry except 1A'. The other method 
used the nonorthogonal SCF program developed by Davidson 
and Stenkamp.10 In this procedure, the orbitals are not con­
strained to be orthogonal, but the 7r* orbital is constrained to 
be the second eigenfunction of its Fock operator. 

Configuration interaction calculations were carried out by 
using all single replacements and selected double replacements 
from the dominant configuration. About 6000 configurations 
were included in most calculations. For the nonorthogonal SCF 
procedure, symmetrically orthogonalized ir and TT* orbitals 
were used for the CI. It is easily shown that symmetrical or-
thogonalization leads to the pair of orbitals u and v for which 
the 'uv configuration has maximum overlap with the nonor­
thogonal SCF function and the contribution from the u2 and 
v2 configurations is minimum.1 ' 

Results 

The energies from these calculations are summarized in 
Table I. The orthogonal SCF calculation gave a A £ S C F of 3.42 
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Table I. Energies of Acrolein 

ground state nonorthogonal orthogonal 
£, au E AE, eV" E AE, eV" 

SCF -190.7160 -190.4673 6.76 -190.5904 3.42 
Cl, root 1 -190.9407 -190.7712 4.61 -190.9023 1.04 
Cl, root 2 -190.6642 7.52 -190.5249 11.31 

Energy relative to the corresponding ground state calculation. 

eV for the excitation energy in close agreement with the 
3.52-eV value reported by Dykstra. The nonorthogonal SCF 
calculation, on the other hand, gave a A £ S C F of 6.76 eV. 

With orbitals for the nonorthogonal SCF calculation, the 
lowest root of the CI matrix is predominantly TT2 even though 
the energy is 4.61 eV above the CI energy using the ground 
state orbitals. The second root of the CI matrix is mostly the 
1TTiT* configuration and lies 7.52 eV above the best ground-
state calculation. The '7r7r* state is experimentally observed12 

as a broad structureless band with an intensity maximum at 
6.5 eV. This peak is undoubtedly a mixture of Rydberg and 
17T7T* transitions. The value calculated here is about 1 eV 
above the observed value. Such an error is normal because a 
correct prediction of ]TTTT* states requires a good description 
of valence-Rydberg mixing and a laborious recovery of cor­
relation energy.13 

The CI calculations using the orbitals from the orthogonal 
SCF calculation gave decidedly different results. The SCF 
configuration had a coefficient of 0.88 in the lowest root of the 
Cl matrix and the lowest energy was only 1.04 eV above the 
best ground-state calculation. Root 2 of the CI matrix was 
11.31 eV above the best ground state and did not contain much 
of the '7r7r* configuration. 

Discussion 

Excited state SCF procedures for open-shell singlets of the 
same symmetry as the ground state have received much at­
tention in the simple context of the ls2s 1S state of helium. In 
this context, it has been amply demonstrated that the nonor­
thogonal procedure is the correct one. 

In order to show that a procedure gives an upper bound to 
an excited state, one must use one of the two variational the­
orems for excited states. The first of these is that any function 
which is orthogonal to an exact ground state gives an upper 
bound to the second state.14 The other is that any function 
which occurs as the second root of a linear variation CI matrix 
is an upper bound to the second state.15 Sharma and Coulson16 

analyzed the ls2s 1S state of helium and concluded that, with 
orthogonal 1 s and 2s orbitals, orthogonality to the ground state 
(here taken to be Is2 with a ground state lsorbital) could not 
be established. With nonorthogonal orbitals, orthogonality of 
the ground and excited state wave functions through first order 
was shown. They concluded that orthogonality held for all 
orders so that the excited state SCF procedure gave an upper 
bound by the first variational theorem. Cohen and Dalgarno17 

showed that, in fact, nonorthogonality entered in second order 
so this "proof" was incorrect. 

Nonorthogonal functions were computed by Trefftz et al.,18 

and by Davidson19 for the lsns 1S sequence of helium. David­
son '9 gave an alternative proof of the variational theorem by 
showing that, if a CI matrix were constructed by using the 
lower energy virtual orbitals of the Fock operator for the ns 
orbital, then one of the CI eigenvalues would be the lsns SCF 
energy. Unfortunately the matrix elements of this CI matrix 
were incorrectly evaluated in this "proof (orthogonality of 
the lsks configurations was assumed incorrectly). 

More recently Davidson and co-workers11^13-20 have applied 
the nonorthogonal SCF procedure to studies of '7T-Tr* states of 
amides and carbonyls. More importantly, Davidson and 

Stenkamp10 have given a correct proof that this procedure gives 
an upper bound to the excited state energy. Basically this proof 
consists of examining the nonorthogonal CI matrix formed 
from configurations like lsks where the ks orbitals occur as 
eigenfunctions of the Fock matrix for the ns orbital. It can be 
shown that the lsns 1S SCF energy occurs exactly as one of the 
eigenvalues of this CI problem. Consequently the nonortho­
gonal SCF procedure for ]TTTT* produces an upper bound to the 
second 1A' state. 

No such bound holds for the orthogonal SCF procedure. If 
in fact, however, the optimal IT orbital in the ]TTIT* calculation 
is nearly the same as the optimal IT orbital in the ground state 
(as is usual), then the overlap of the two configurations is small 
and so is the interaction matrix element. In this case a 2 X 2 
Cl calculation would give a second eigenvalue only a little 
higher than the excited state SCF energy. This is the situation 
for the ls2s states of helium and many molecules. 

If the optimal TT orbital in the orthogonal procedure for the 
17T7T* should turn out to be very different from the ground-state 
ir orbital, very large effects could be noticed, and, in fact, the 
orthogonal calculation could collapse to a poor approximation 
to the ground state. Acrolein presents an example of just such 
an effect. Dykstra indicated that the wave function from his 
calculation corresponds to the biradical -CH 2 —CH=CH— 
0-. In the context of semiempirical valence bond theory (with 
neglect of two-center overlap), this configuration has an 
overlap of 0.5 with the configuration C H 2 = C H — C H = O . 
Consequently, it contains a large amount of ground state 
character. It is also clear in such a description that the half-
filled TT MO in the biradical is very different from the highest 
doubly occupied MO of the ground state. Consequently, his 
'7TTr* SCF energy must be regarded as merely a poor ap­
proximation to the ground state. The nonorthogonal calcula­
tion, by the way, gave the biradical - C H 2 - C H - C = O as the 
excited state which is reasonable since the V state of ethylene 
lies several volts below the V state of formaldehyde. 

These conclusions regarding the orthogonal SCF results are 
verified by the CI calculations. Use of these orbitals gave a CI 
matrix whose lowest root was predominantly the ]TTTT* con­
figuration. This is further evidence that this configuration is 
an approximation to the ground state. The nonorthogonal SCF 
orbitals (with TT and TT* symmetrically orthogonalized) gave 
a CI matrix whose second root was largely 'TTTT* verifying the 
essential correctness of this procedure. 

References and Notes 

(1) Dykstra, C. E. J. Am. Chem. Soc. 1976, 98, 7182. 
(2) Lucchese, R. R.; Schaefer, H. F.; Dykstra, C. E. Chem. Phys. Lett. 1977, 

51, 600. 
(3) Davequet, A. J. Am. Chem. Soc. 1972, 94, 5160. 
(4) Iwata, S.; Morokuma, K. J. Am. Chem. Soc. 1975, 97, 966. 
(5) Dunning, T. H., Jr. J. Chem. Phys. 1970, 53, 2823. 
(6) Huzinaga, S. J. Chem. Phys. 1965, 42, 1293. 
(7) Dunning, T. H., Jr.; Hay, P. J. in "Modern Theoretical Chemistry"; Vol. 3, 

Schaefer, H. F., III. Ed.; Plenum Press: New York, 1977. 
(8) Cherniak, E. A.; Costain, C. C. J. Chem. Phys. 1966, 45, 104. 
(9) Davidson, E. R. Chem. Phys. Lett. 1973, 21, 565. 

(10) Davidson, E. R.; Stenkamp, L. Z. Int. J. Quantum Chem. 1976, SJO, 21. 
(11) Davidson, E. R. In "The World of Quantum Chemistry"; R. Daudel and B. 

Pullman, Eds.; Reidel: Dordrecht, 1974. 
(12) Walsh, A. D. Trans. Faraday Soc. 1945, 41, 498. Horwood, J. F.; William, 

J. R. Spectrochim. Acta 1963, 19, 1351. Robin, M. B. "Higher Excited 
States of Polyatomic Molecules", Vol. II; Academic Press: New York, 
1975. 



6526 Journal of the American Chemical Society / 101:22 / October 24, 1979 

(13) Nitzsche, L. E.; Davidson, E. R. J. Chem. Phys. 1978, 68, 3103. Nitzsche, 
L. E.; Davidson, E. R, J. Am. Chem. Soc. 1978, 100, 7201. 

(14) See, for example, Morse, P. M.; Feshbach, H. "Methods of Theoretical 
Physios"; McGraw-Hill: New York, 1953; p 1153. 

(15) Hylleraas, E. A.; Undheim, B. Z. Phys. 1930, 65, 759. McDonald, J. K. L. 
Phys. Rev. 1933, 43, 830. 

Introduction 

A problem of long-standing interest in organic chemistry 
has been the difference in behavior between oxygen and sulfur. 
Based on solution-phase studies it has generally been accepted 
that oxygen is the more effective at stabilizing adjacent car-
bocation centers, while sulfur more effectively stabilizes 
carbanions and radicals or radical-like photoexcited states.3 

The major reasons for this trend, it has been argued, are the 
superior 7r-donating ability of oxygen vs. the x-accepting 
ability of sulfur, the latter attributed to d x - p x overlap.3'4 

These conclusions have recently been questioned on the basis 
of theoretical studies,5,6 which indicate sulfur to be as effective 
as oxygen in stabilizing cations,5 and show that interactions 
involving d functions on sulfur are energetically less important 
than the greater polarizability associated with its larger, more 
diffuse orbitals.6 A recent paper by Caserio and co-workers 
reviews these arguments.7 

A number of gas-phase studies involving sulfur-containing 
positive ions have provided additional information,7-16 but 
results have not led to a consistent interpretation. The frag­
mentation of HOCH 2CH 2SH+ - yields a higher abundance of 
H 2 C = S H + (a) than of H 2 C = O H + , 8 supporting the theo­
retical conclusion53 that a is better stabilized by x interaction. 
Similarly, recent ion cyclotron resonance studies7 show that 
gas-phase formation from CHsYCH2Cl+- of CHaSCH 2

+ is 
preferred over that of CHsOCH2

+ . Further support is provided 
by the observation that gaseous thioalkoxide (R 2 CH—S + ) 
isomers of C 2HsS+ and CaHyS+ ions rearrange rapidly to the 
more stable protonated thiocarbonyl structures R 2 C = S H + . 9 

On the other hand, appearance potential studies of 
CSH 3

+ " " ' 6 indicate the H 3 C - S + (b) structure to be as1 ' or 
more12 stable than a, in strong contrast to the situation re­
garding the oxygen analogues, in which there is little doubt that 
the H 2 C = O H + structure is significantly more stable than 
other isomers.17'18 

Combined experimental and theoretical investigations of 
CSH 3

+ and COH 3
+ are reported in this and the accompanying 

paper,18 respectively. Collisional activation (CA) mass spec-
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trometry19 is used to distinguish between a and b formed under 
various conditions and ab initio molecular orbital theory to 
obtain detailed geometries and energies for these and related 
ions. The results indicate that the most stable form of CSH 3

+ 

is a, ~10 kcal/mol more stable than the triplet b. 

Experimental Section 

CA measurements of m/z 47 were made as described previously9-19 

on a computerized double-focusing mass spectrometer of reversed 
geometry using 7.8-kV accelerating potential and 150 0C ion source 
temperature. Each spectrum (Table I) is the computer-averaged 
composite of at least 16 scans. Additional peaks present but not used 
were m/z 45 and 46, also formed by metastable ion decomposition; 
m/z 44, a large peak (~five times greater than m/z 33) whose abun­
dance is independent of the mode of formation; m/e 34, which origi­
nates in part from 34SCH+; and m/z 23.5 (CSHj2+, weak, very sharp, 
and of poor reproducibility). Standard deviations, estimated from 
several separate runs on methyl sulfide, are the larger of ±7% relative 
or ±0.5% absolute (greater for low-energy ionization). Mixture 
analysis was based on the m/z 15:14 ratio. CH3SD was prepared from 
CH3SH by exchange with D2O in the inlet system; the m/z 49:48 from 
low electron-energy ionization indicated ~92% isotopic purity. Other 
samples were obtained commercially. 

Molecular orbital calculations were carried out using the GAUSS­
IAN 70 series of computer programs.20 The minimal STO-3G basis 
set21 was used for full geometry optimization of each structure, fol­
lowed by single calculations with the 4-3IG basis22 at STO-3G 
geometries. In some cases further optimization was carried out with 
the 4-31G basis. Calculations of open-shell species employed the UHF 
procedure of Pople and Nesbet.23 General discussions of the meth­
odology are given by Pople;24 for an evaluation of the accuracy of 
STO-3G and 4-3IG calculated properties involving second-row ele­
ments (Na-Cl) see Collins et al.25 

Experimental Results and Discussion 

Collisional Activation Spectra. In the CA spectra of m/z Al 
ions from a variety of precursors (Table I) two patterns are 
evident. The spectrum assigned to protonated thioformal-
dehyde, H 2 C = S H + (a), is that found for the thiols RCH2SH 
which should give a by R loss via a cleavage;9 spectra identical 
within experimental error are found for R = H, CH3 , n-C3H7, 
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