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We present here the results of self-consistent field (SCF) 

and configuration interaction (CI) theoretical studies of 

seven low-lying electronic states of sulfur oxide. The 

basis set was of double zeta quality augmented with polariza-

tion functions. The CI space for each electronic state con-

sisted of all configurations constructed from single and 

double substitutions of electrons from the valence. brbitals 

of the Hartree-Fock reference occupation. Spectroscopic con-

stants as well as dipole moments for each electronic state 

were predicted both at the SCF and CI levels of theory. Of 

particular significance is the prediction of excitation 

energies and properties for three low-lying .states for which 

experimental information is either unavailable or only very 

recently available. These states are the c' 	state 

(Te= 27900±300 cm 1 ), the A' . 	state (29000±300 cm) and 

the A't 	state (29900±300. cm). 
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I. Introduction 

Sulfur oxide, SO, was first identified from its B 3 - 

- 	 1.. x 3 	emission by Martin in 1932 and later in a number of 

systems by various techniques. 2  This radical is believed 

to play an important role in the oxidation of sulfur and 

sulfur compounds. However, it is still a molecule about 

which much is yet to be learned and for which quality ab 

initiocalculations might contribute to an understanding of 

low-lying excited electronic states. 

It is well-known that moleculeswith isoelectronic 

structure do not necessarily have similar potential surfaces 

for all electronic states. For instance, the three lowest 

states of 02,  X 3
9 
	a'L g  and b'E g dissociate into two 

ground state atoms, 0(3P) - 0( 3 P). Quite differently, the 

ground state X 3 E of the isoelectronic molecule NP dissociates 

into ground state atoms N(S) + F( 2 P) while the a'A and 

b1E states must dissociate into N( 2 D) + F( 2 P) accordingto 

the Wigner-Witmer rules. 3  This results in a slightly higher 

vibrational frequency (We=  1197 cm). for the b state than 

the ground state (1141 cm) of NP. Such behavior would not 

be expected for diatomic molecules in which.both constitut-

ing atoms have the same valence structure if the states con- 

sidered correlate with both groundstate atoms. For example, 

each of the X, a, and b states of 02)  S 2 , and SO are spec-

troscopically similar and they all dissociate into two 3 P 

atoms. However, this similarity may not hol4 for molecular 

states which correlate with excited atoms. Furthermore, the 
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loss of g/u symmetry in the case of heteronuclear diatomic 

molecules may result in a great extent ofmixing between 

certain electronic states. Hence, the potential. surfaces 

of the higher excited states of SO might be quite different 

from those of its close homonuclear companions, S 2  and 02* 

SO serves as the. best candidate for the study of these ef-

fects since S2, 0 2'  and SO are relatively well-studied 

experimentally and accurate ab initio studies of 0 and 

S 2  are available. 4 ' 5  

Six excited valence states of SO have been observed. 

The relative energies of these low-lying states of SO as 

well as those for 02  and S are listed in Table I. Among 

those six, only three states, B 3 , A 3 , and b1E+  have been 

well-characterized by accurate molecular constants. Although 

the a'A state was observed by an electron spin resonance (ESR) 

technique 6  in 1966, it was not until recently that accurate 

vibrational constants and theequilibrium bond distance were 

determined. 7  The energy of this state relative to the ground 

state is still not accurately known. 

Lee and Pimentel 8  recently observed chemiluminescence, 

from the reaction of sulfur and oxygen atoms in cryogenic 

matrices, which they assigned to the c'E-a'A transition of 

SO with v 	 = '21,363 cm. Tevault and Smardzewski 9  also00  
observed the same emission as well as a relatively weak pro- 

gression which was assigned to the A' 	of SO. However, 

they obtained a v 	value of 22,543 cm' for the ca transi- 

tion (due to differences in vibrational number assignments) 
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and a v rn  value of 28,400±1,150 cm 1  for the A'-*X transition. 

The uncertainty of this latter value is quite large because 

of uncertainties in vibrational number assignments. All the 

assignments concerning these two transitions were made on 

the basis of estimated T 0  values for the c'E, A' 3 A, and 

At 	states of SO obtained by simple (perhaps naive) scaling 

of corresponding T 0  values of 02  and S 2 . 

It is our hope that by rationalizing the differences be-

tween experimental values and ab initio studies, of some well-

characterized states of 02  SO, and S 2 , we can obtain good 

estimates of the molecular constants for other low-lying 

electronic states based on our ab initio studies. With 

these estimates we hope that the assignments for the cryo-

genic matrix chemiluminescence can be verified, and further-

more, the correctmolecular constants of these states be 

determined. 

There have been very few theoretical studies to date 

on SO. The earliest ab initiocalculations were performed 

by Boyd in 1970.10 These SCF-M0 calculations utilized a 

minimum basis set of Slater-type orbitals (STO) on each 

nuclear center and were performed on the ground state of 

the molecule only. The purpose of the study was to examine 

the electron density of several ionic and neutral molecules, 

so no geometry optimization was performed. For comparative 

purposes, Boyd's energy for the ground state was -470.7772 

hartrees, calculated at an internuclear distance of 1..493A. 

(This geometry was believed to be the equilibrium one.) 
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The secondab initio study of SO was performed by Hillier 

and Saunders 11 
 and was also concerned only with the ground 

state. This SCF-MO study employed a minimum basis set of 

STOs each expanded with a least-squares fit to three Gaussian-

type orbitals (GTO), and then augmented with d-type GTOs. 

The purpose of this study was to examine the importance of 

d orbitals in SCF calculations on the sulfur oxides SO and 

SO 2 . The SO internuclear distance was optimized with respect 

to energy and anequilibrium bond length of 1.525 A with a / 

corresponding energy of -467.20463 hartrees was determined. 

As part of an. effort to understand the effect of basis 

set and electron correlation on theoretical predictions of 

the molecular dipole moments, Green performed SCF and Cl 

calculations on the ground state as well as SCF calculations 

on the a 1 A and b1 	states of SO using an extensive set of 

STOs. 20  Experimental internuclear distances were used in 

the study and because of this no vibrational properties 

were predicted. Green's best SCF calculations predict 

dipole moments for the X, a and b states of 2.224, 1.997 

and 1.833 D, respectively. Adjusted for correlation effects 

he feels these values would be approximately 0.8D smaller. 

The lowest energy obtained at the SCF level for the ground 

state of SO was -472.40260 hartrees. This low energy is 

believed to bewithin 0.003 hartrees of the Hartree-Fock 

limit and reflects the excellent quality of the basis set. 

The most thorough ab initio study to date was by Dixon, 

Tasker and Balint-Kurti (DTB))2 	In their study calculations 
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were performed on twenty-one electronic states of SO as an 

illustration of their newly formulated procedure which ap -

proximates the effects of the core electrons of the molecule 

by a pseudopotential. The procedure also included a limited 

amount of molecular electronic correlation effects for the 

valence electrons. The results presented for the excited 

molecular states in this study were obtained from calculations 

that incorporated an empirical correction that minimizes 

the discrepancy between. calculated and observed ionization 

potentials and electron affinities of the constituent atoms. 

(The calculations were not truly ab initio when this was 

done.) The basis sets used by. DTB to derive the atomic 

valence orbitals were essentially double-zeta sets of GTOs. 

There were no d-type functions. Full pOtential curves for 

all twenty-one electronic states were determined yielding, 

in particular, an equilibrium bond length of 1.64 A for the 

ground state of SO. No absolute energies are reported for 

most calculations which employ pseudopotentiãls since these 

numbers are usually meaningless. 

The calculations of DTB, although constituting the 

most complete theoretical study to date of SO, suffer from . 

several shortcomings. First, the use of pseudopotentials . 

does not result in variational wavefunctions and energies 

and this makes it difficult to check the accuracy of their 

work as compared with that of other workers. The application 

of the empirical correction they employed was shown to improve 

predictions of properties of the ground state. This might not 
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be the case, however, for excited states. Second, the use 

of pseudopotentials by their very nature does not allow for 

changes in the core orbitals due to molecular formation and 

so calculated parameters such as bond lengths and stretching 

frequencies may be too large. (Their use of the empirical 

correction that adjusts for the discrepancy between calcu-

lated.and experimental atomic ionization potentials may, 

however, improve their predictions of excitation energies. 

This remains to be seen ) Thirdly, their basis set did not 

include d-type functions and these may be important - 

especially for the more excited states. Indeed, the study 

of Hillier and Saunders demonstrated the importance of d-

type orbitals on the sulfur nuclear center. 
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II. Theoretical Approach 

The theoretical investigation performed in this work 

concerns seven of the lowest-lying bound st.ates of SO and 

was designed to avoid some of the problems ofthe earlier 

calculations. For each of the seven electronic states, con-

ventional SCF-MO calculations followed by single and double 

substitution configuration interaction (CI) calculations were 

performed for several different internuclear geometries. 

The molecular electronic states that were studied arose 

from the two electron occupations 

and 

7 2 2ri 3 3'n 3  

The first electronoccupation gives rise to t.hree states, 

X, a'A and b 1 E 4", and the second gives rise to six states 

of which the four studied here are c', AT 3 , A" 	and 

B 3 . 

The calculations performed in this work were designed 

to be of comparable quality to earlier work on the thirteen 

lowest-lying bound electronic states of diatoniic sulfur. 5 

The purpose of this, as will be discussed in the last sec-

tion,was to be able to compare the accuracy of theoretical 

predictions for the two molecules. 

To this end, the basis sets on oxygen and sulfur were 

ones contracted from sets of primitive Gaussian functions 

generated by Huzinaga to a double zeta set by Dunning then 



-8- 

augmented each with a set of d-type Gaussians for polariza- 

tion. The primitive set was (lls7p) for sulfur and (9sSp) 

for oxygen contracted' 3  to [6s4p] and [4s2p], and augmented 

with d functions of zeta = 0.6 and 0.8, respectively. 

A second larger basis set was also examined and although 

it yielded slightly lower total energies, the potential 

curves that resulted for the X, a and b states were essentially 

parallel both at the SCF and CI level of theory. The larger 

basis set consisted of the same functions on sulfur as 

already described, but with a larger [5s3pld] basis on oxygen. 13 

Sincethe potential curves generatedby these two basis 

sets were parallel, essentially the same spectroscopic con-

stants were derived. It is not surprising, of course, that 

a basis set of double - zeta -plus-polarization quality is 

adequate for this molecule since it was•shown earlier 5  to be 

adequate for the somewhat larger but similar molecule S 2 . 

The results of calculations on the,X, a andb statesusing both 

basis sets are given inTabie II. 

The size of the CI space was also chosen to be comparable 

to that used in the earlier s.tudy of S. The list of config-

urations used in these calculations consists of all allowed 

(i.e., of the same space and spin symmetry as the Hartree-

Pock, or reference, configuration) configurations that can 

be constructed from a set of electron occupations which are 

obtained as substitutions of one and two electrons from the 

reference occupation. For a molecule the size of SO or S 2  

it is usually impractical to use all single and double 
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substitutions of electrons, so some orbitals are held fully 

occupied (frozen) in all occupations. For the set of occupa- 

tions employed to generate the configuration list used in 

the calculations for SO, all occupied orbitals were held 

frozen except those molecular orbitals that were primarily 

constructed of sulfur 3p or oxygen 2p atomic orbitals. 

These were the 7ci, 27r and 3rr orbitals, and so this type of 

CI is a valence CI. By analogy withS2 5  and 0 14 it was as-

sumed that the additional correlation energy that would have 

been obtained by allowing substitutions of electrons from the 

core orbitals would not have contributed to the molecular 

bond energy, thereby affecting the predicted shapes of po-

tential curves and values for spectroscopic constants. 

Although the basis set and size of configuration space 

were tested only for the X, a and b states, it is reasonable 

to assume that the choices made allow for roughly an equal 

treatment of all seven electronic states that are the object 

of this work. This is due to the fact all seven states are 

essentially different coupling of electrons occupying the 

same orbitals. Thus, a basis set and CI space that adequately 

describes the 27r orbital of the ground state will probably 

describe the 27 orbital of the 3 A state equally well. This 

is not, of course, expected to be the case for highly excited 

(Rydberg) states for which the orbitals are expected to be 

very diffuse and quite different from those of the ground 

state. 

The choice of basis set and the selection of a configura- 
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tion space were discussed extensively in the work on S 2  and 

this discussion need not be repeated here. One important 

difference shOuld be noted, however, and this is that fewer 

valence electrons are being correlated in these calculations 

on SO than were correlated in those on S 2 . This is not ex-

pected to weaken the comparison of results to be made in the 

next section because, as was discussed in the work on S 2 , 

for the seven low-lying states that will be compared here 

the treatments of S 2  and SO are expected to be equivalent. 

To facilitate the calculations, real orbitals (e.g., 

tr y, ir) were used instead of complex ones (e.g. , iç, it). 

The SCF energy expressions derived for a wavefunction which 

is an eigenstate of orbital angular momentum (A) and spin 

(S,S) contain integrals which are neither of Coulomb nor 

exchange type. In 1971 Rose and McKoy 15  demonstrated that 

these troublesome integrals, which had until then prevented 

conventional SCF calculations being performed on certain 

states of linear molecules, could be written as simple linear 

combinations of true Coulomb and exchange integrals. In the 

calculations performed in this work, the energy expressions 

developed by Rose and.McKoy are used. This results in ener-

gies characteristic of exact eigenfunctions (usually complex) 

of orbital angular momentum even though real orbitals and 

integrals are used throughout. 

The construction of configurations from real orbitals 

but reflecting the full C 00V symmetry of the molecule posed 

an interesting problem as the first step in the CI calculation. 
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The earlier calculations on S 2  utilized only the D2h 

subgroup of the full 	) symmetry group of the molecule. 

The construction of configurations from orbitals transform-

ing as the irreducible representations (IRs) of DZh  is 

fairly trivial due to the fact that all the IRsof D2h  are 

one-dimensional. Furthermore, the eight IRs of the D2h 

subgroup do a quite adequate job at resolving the various 

IRs of the full C 	group. For SO, however, the highest 

order subgroup of the full C 	group that has only one- 

dimensional 1R5 is C 2vJI  which does not distinguish the IRs 

of C 	as well as D2h  resolves those of D coh  I (This degree 

of resolution depends, of course, on the highest angular 

momentum components of the basis set, which for this discus-

sion, were d-type functions. The consequence of this lack 

of resolution is the production, for example, of 2819 'A 1  

C2 v  configurations for a calculation on the b' 	state of 

SO when a proper treatment in the full .Cv  symmetry pro- 

duces only 898 ' 
	

configurations. The C2v  list of configura- 

tions in fact contains not only ' 	configurations but also 

components of 'A, ', etc., configurations. 

The configurations constructed in this study were sym- 

metry functions of the full  C 	point group, which is not 
v 

abelian and has doubly degenerate IRs. Configurations that 

are symmetry functions of a point group are much more dif-

ficult to produce if the group is not abelian than if it is. 

The, procedure used for generating the C 	configurations 

in this work was ,a geneological coupling scheme which is 
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described in detail elsewhere. 16  Briefly, in this procedure 

the configurations generated from a given electron occupation 

are constructed by a successive coupling of the electrons 

in each ?tshelltt  of the occupation. First, the possible space-

spin states allowed by Fermion statistics that can arise 

from the coupling of electrons within each shell are deter 

mined. Second, for a particular ordering of the shells 

the states resulting from the coupling of each shell with the 

cumulative coupling of all previous shells is determined. 

Each set of intermediate couplings that results in a final 

coupling of the correct space-spin symmetry is called a 

geneology. Third, a set of coupling coefficients character-

istic of the point group and a set of canonical basis func- 

tions (see the Appendix) is used together with the geneologies 

of the previous step to construct symmetrized functions which 

are then easily antisymnietrized and expressed as a linear 

combination of determinants. 

A computer program that uses the geneological coupling 

procedure has been developed and integrated with the BERKELEY 

system of CI programs 17  used in this study. For each of the 

seven electronic states of SO studied, SCF and CI calcula-

tions were performed at several internuclear distances. 

The resulting energies were fit to an analytic form and the 

fitting parameters used to determine spectroscopic constants 

such as T el Te  °e' and Be • The dipole moment p was com-

puted from both the SCF and CF wavefunctions at the equi-

librium geometry determined from these two levels of theory. 



-13- 

III. Results and Discussion 

The results are displayed in Table II along with the 

results of Dixon and coworkers (DTB) as well as what we feel 

are the best experimental, results for comparison. For most 

states, total energies were computed for from seven to ten 

different internuclear distancesnear equilibrium.. From 

the set of seven to ten energies, groups of five were, se-

lected and fit to a fourth degree polynomial. 

The computations of total energies for the B 3 . state 

of SO presented. interesting complications. As a result, 

this state was treated by a slightly different procedure 

than that used for the other states. The B state of SO has 

the same symmetry as the ground state, >. This is not 

the case for the analogous B states of the companion mole-

cules 02  and S 2  because the inversion symmetry for these 

homonuclear molecules is different for the ground state 

(X 3 ) and the B state (B 3 E). 	This fact necessitated 

the extraction of two eigenvalues from the CI hamiltonian 

matrix, the first of which to be identified with the ground 

state and the second with the B state. The variational prin-

ciple for excited states (McDOnald's theorem) insures that 

the energy of the excited state calculated in this manner 

is an upper bound to the true energy. However, if the low-

est eigenvector (which corresponds to the ground state of 

SO) of a CI calculation on the B state poorly describes the 

true ground state -- presumably by mixing in B state char-

acter - - the second eigenvector will also suffer because 

e 
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it is constrained to be orthogonal to the first. The CI 

excitation energy is simply the difference between the low-

est energy of a calculation of an excited state and that of 

the ground state. Ifthe CI energy of the excited (B) state 

is from a calculation based on single and double substitu-

tions from the B state SCF occupation only, the excitation 

energy will be too large. 

In order to overcome this problem, the configuration 

list used in the CI calculations on the B state consisted 

of all 	configurations that could be constructed from occu- 

pations obtained as single and double substitutions of elec-

trons from either the.ground state or the B state occupation. 

Thus, the B state configuration list was constructed with 

respect to two reference occupations. Using this same 

configuration list, calculations on the ground state were 

repeated. 

The calculations on the B state were further complicated 

by two other problems. The first is that this state is des.-

cribed quite poorly at the SCF level of theory, which is 

clear, from an examination of the properties predicted by the 

SCF calculations on this state. Presumably, the SCF mole-

cular orbitals used in the CI calculation are considerably 

worse for the B state than those used for the other states. 

The second problem is that the B state is highly correlated 

with energetically close states of the same symmetry in ad-

dition to the ground state. Previous work 4 ' 5  on S 2  and 02 

has discussed the interaction of a 	state arising from 
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the occupation •.. g 7 •7rgu with the B state. In addition to 

this interaction, the B state of SO interacts strongly with 

a state arising from the occupation ...7a 2 27r 2 37r. 	(The 

corresponding state in S 2  and 0 is of the wrong g/u .sym- 

• 	 metry to interact with the B state.) 

The attempt to alleviate the above two problems con-

sisted of performing one natural orbital iteration for the B 

state at each internuclear geometry for which the single and 

double substitution CI from two references was performed. 

It was hoped that the natural.orbitals would reflect the 

large amount of interaction. between. the B state and the 

neighboring stat.es of the same symmetry and thereby provide 

better molecular orbitals than the SCF orbitals for the CI 

calculation. This was indeed the case, for whereas a natural 

orbital iteration 

using ground stat 

energy of only 31 

stateresulted in 

-1 only 31 cm by a 

based on a .ground state CI wavefunction 

SCF orbitals resulted in a lowering of 

cm, the analogous calculation for the B 

-1 a lowering of 1300 cm . The lowering of 

natural orbital iteration on the ground 

state reflects the fact that the single and double substitu-

tion CI from two references gives a reasonably good descrip- 

tion if SCF orbitals are used. A separate natural orbital 

iteration curve was not calculated for the ground state. 

The natural orhitals are eigenfunctions of the spinless 

single-particle density matrix. 18  The density matrix is 

constructed from a CI wavefunction which is defined with 

respect to a configuration list and a set of molecular or- 
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bitals. For the B state, the procedure was to use B state 

SCF molecular orbitals, the two reference single and double 

substitution configuration list, and the CI wavefunction 

corresponding to the second lowest eigenvalue of the CI 

hamiltonian matrix. The results with and without the natural 

orbital iteration are presented in the table. 

In every case where experimental information is known 

with some degree of certainty, the CI predictions for the 

spectroscopic constants are closer than either the SCF pre-

dictions or those of the earlier theoretical study (DTB) 

to the accepted values. In fact the SCF level of theory gives 

excitation energies, bond lengths and stretching frequencies to 

within 40%, 3% and 20%, whereas CI gives the same to 

15%, 1% and 8%. These figures are strikingly similar to the 

earlier work of the same authors on S 2  and unpublished work 

of similar quality on selected states of 

This relationship, in fact, suggests an empirical way of 

predicting possibly better values for excitation energies 

than those provided by theoretical calculations alone. If 

analogous states of different molecules are "similar" one 

- would- 	 thèsé 

states to provide predictions of comparable quality. Ana-

logous states of different molecules are considered "similar" 

if they arise from the same valence electronoccupation and 

are more or less correlated with other electronic states to 

the same extent. Thus, the a'A-states of 02,  SO, and S 2 may 

be considered similar and the B 3 E 
U_  states of 0 and S 2  may 

IV- 
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be considered similar, but the B states of SO and S 
2  may not 

be, for reasons .discussed above. CI caiculations.on the 

a 1 A
9  state of 0 2  yield an excitation energy that is too high 

by 13% relative to the accepted experimental value. Calculâ-

tions of similar quality - i.e., using the same quality basis 

set and yielding the same relative amount of correlation 

energy - on the a state of S 2  yield an excitation energy 
I

too 

highby 16%. One would expect, therefore, similar calculations 

on the a state of SO to yield an excitation energy toc high by 13-16%. 
-------- In fact, the calculations presented in this work are too high 

by 16%. 	Thus, not only does this procedure produce a new 

and hopefully better prediction for the excitation energies, 

but it also provides an estimate of the uncertainty of the 

empirical prediction. 

The application of this type of correction is actually 

not new. The scaling of excitationenergies from molecule 

to molecule is often used as an aid in making assignments of 

bands in electronic spectroscopy. 8  Furthermore, it is generally 

accepted, 	 for example, that SCF calculations 

provide molecular stretching frequencies that are too high 

and better estimates maybe obtained simply by scaling the theoretical 
values. The analogy between the scaling of 
excitationenergies proposed here and the scaling of vibra- 

tional frequencies is even stronger when it is noted that some 

workers 19  have proposed different scaling factors for fre-

quencies depending on whether the vibrational motion corres -

ponds to a stretching or a bending mode. 

As was mentioned, the scaling procedure is probably 

not going to work for the B state of SO since this state is 



quite different for SO than for S 2  or 02• Furthermore, the 

properties of the B state.of SO are well-established.. 

Similarly, the properties of the a and b states of SO are 

well-known and application of the scaling procedure doesn't 

provide any illuminating data. Perhaps the most useful ap-

pl.ication is in the scaling of excitation energies predicted 

for the c 1 , A' 3 A and A" 	states, since experimental 

values for excitation energies of the first two states have 

only recently been determined and no value is known for the 

last state. Calculations performed on the c, A' and A" 

states of SO produce the excitation energies (Te) displayed 

in Table III. Comparable CI calculations for 02 on the 

c'I state yield an excitation energy 11.7% too low. 

Similarly, the calculated excitation energy for the C' 1J  . 	. 

(A'3) state of °2  (S 2 ) is too low by 11.7% (12.7%) and 

that for the A 3 Z state is too low by 11.5% (13.9%). Using 

the average percentage of 12.3±1.0% (since these three states 

are so similar electronically) to scale the CI results for 

these states as given in Table III, one obtains excitation 

energies of 27900±300 cm 	for the c'E state, 29000±300 cm 1  

for the A' 3 A state and 29900±300 cm 	for the A"E state. 

The estimate of We for these three states of SO is very 

likely near 700 cm' since the corresponding S 2  calculations 

produced vibrational frequencies very close to the experi-

mental values for these states. With estimates of We  

700 cm' and T = 27900±300 cm' for the c state, and We= 1115, 
cm 1  and T e= 6150 cm 1  for the a state of SO, 
the gas phase v 00  for the c'E a'A transition is expected 
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-1 to lie at 21530±300 cm . This value would imply matrix 

shifts of -170±300 cm 	(0.6±1.1%) and 1010±300 cm 

(3.6±1.1%) for the observed argon matrix 	values of 
00 

21360 cm 	by Lee and Pimentel, 8  and 22540 cm 	by. Tevault 

and Smardzewski, 9  respectively. It seems that the former. 

authors' vibrational number assignments yield a more rea-

sonable matrix shift for a covalen.t diatomic molecule in 

solid argon, although the assignments by the latter authors 

cannot be positively ruled out. Similarly, an estimate of 

Voo= 28800±300 cin' for the A' 3 A-'-X 3 	transition favors 

the vibrational assignments that yield v= 28400 cm' in 
00 

an argon matrix. 	.. 

Restricted Hartree-Fock calculations on open shell di-

atomic molecules using double zeta plus polarization basis 

sets usually yield dipole moments accurate to within about 

0.5 D unless there are correlation effects such as energeti-

cally nearby charge transfer states..2°  In these cases the 

dipole moment maybe incorrect by as much as a Debye, but 

even a relatively limited CI will reduce this error to a 

few tenths of a Debye. It was commented earlier that the 

B state SCF orbitals gave a poor description of that state 

due to the strong interaction with nearby. 3... states, of 

which the most strongly interacting arose from the ...7cl22rr23rr4 

occupation. 	From an examination of the orbitals, it 

is clear that the 27r orbital is localized on the oxygen 

nucleus whereas the 3Tr orbital is localized on the sulfur 

nucleus. This explains the relatively small dipole moment 
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predicted by the SCF.level of theory which describes the B 

state with a single configuration arising from the occupa-

tion ... .70 2 21T 3 3Tr 3 . The CI  level of theory allows the con-

figuration from the ... 722 .7r 2 3 Tr 4  occupation, which would 

have a much larger dipole moment, to mix with the SCF con-

figuration, resulting in a charge transfer in going from 

the SCF to the CI level of theory. Due to this complex in-

teràction, we feel that even the dipole moment predicted 

by the CI calculations may be in error by as much as 0.7 D. 

A more accurate value could be computed only with some sort 

of MCSCF procedure. 

The dipole moment predictions for the remaining six 

states are expected to be much better. Considering first 

the X and a states, for which. experimental dipole moments 

are known to within about 0.04 D, we see that the errors 

in our predictions are 0.9 D at the SCF level and about 

0.45 D at the CI level. Furthermore, the calculatedvalues 

are always larger than the experimentally determined ones. 

This is to be expected. 20  Owing to the similarity of the 

X, a and b states, we would expect the dipole moment of 

the b state to be 1.3±0.1 D.. 	 . 

Correlation does not seem to play as large a part in the 

dipole moments of the c, At  and  At!  states as is clear from 

the similarity of the predictions provided by SCF and CI. 

(A correlation effect of from 0.1 to 0.5 D is more usual 

for open shell electronic states of type type. 20 ) Because 

of this the largest amount of error in the theoretical pre- 
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dictions is probably due to basis set limitations. These 

are expected to •contribute up to about 0.2 D ofuncertainty 

to the dipole moments predicted for the c, A' and A" states 

at the CI level of theory.. 	.. 
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Appendix 

The coupling coefficients for coupling direct products 

of real single-particle functions to generate real two-

particle functions which transform as rows of some IR of 

the C 	point group will be presented here. These coupling 

coefficients may be used with a geneological procedure 16  

to construct all-real configurations which transform appro-

priately for usèas Hartree-Fock configurations in performing 

SCF calculations and for use in generating a configuration 

list as the first step of a CI calculation. 

The coupling coefficients of a group are defined with 

respect to some basis. There are two commonly used sets 

of basis functions associated with the C 	group: a complex 

set 

= 	exp(im.), m = 0, ±1, ±2,... 	 (A.l) 

and a real set 

n = 
0 	

(A.2) 
= (2)2 	

+ 	-m = ( 7T) 2  cosm 

= (2)½(m -. 	()sinm, m = l 	2, .... 

Where, if the C. axis is taken as the +Z-axis, = arctan (y/x). 

In each case, the function with m=0 supplies (transforms 

as) the A1  IR whereas the pairs of functions for mlO 

supply a representation for the Em  IR. If Jmf = 1, for 

example, the complex pair corresponds to (lr+,  ir) and the 

real pair corresponds to (ir,  7r 	 The representations sup 

plied by the two sets of functions are not identical but 
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are related by a similarity (orequivalence) transformation. 

The coupling coefficients which correspond to coupling 

complex functions are fairly well-studied since the axial 

rotation group C. is a subgroup of the full rotation group. 

Basically, the pair of products 	n' 	 trans- 

form among themselves exactly as 	and 

m©-n' _m®n} (for m>n)} transfcnm among themselves exactly 

as 	(m-n)' -(m-n) 	If mn, the latter pair of functions are 

not symmetry functions but their normalized sum and difference 
transform as A1 and A2, respectively. 

These couplings, although quite simple, require the 

use of complex orbitals and this may tend to be cumbersome 

from a computational point of view. An alternative is the 

use of all real orbitals which transf.arm as the real basis 

functions n. This requires different coupling coefficients 

than those above for the C basis. 

The coupling of a 1  orbitals with any "others" produces 

trivially a combination which transforms as the "others". 

Similarly trivial is the coupling of a 2 -type. functions with 

other a 2 -type functions to produce an a 1 -typè function. In 

coupling a 2 -type functions with emtype  functions, linear 

combinations of the direct products a2ønm  and  a2®n m  

are required which transform among themselves as Tj
m 
 and 

since a2®em  = em as can be seer from the C.v character 

table. The required combination is 

•' 	transforms exactly as 	 . 	(A.3) 
Tnim 

) 	

. 	Ifl) 
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The only sets of coupling coefficients left involve the 

coupling of an étype function with an e n-type function 

where m,nO. If mn, choose m to be the larger. The 

coupling coefficients provide appropriate linear combina-

tions which transform as the pairs {r(m+fl) 	-(m-4-n) and 

(m-n)' -(m-n)' since e m@en  = e (m+ n) G e (mn)  as can 

be seen from the character table. The combinations are 

( 	m® n - -?-n ) 	 ((m+n) 
transforms exactly as 

-!— ( .n M (DTI - 	I n  + fl m®fln ) 

(A.4) 

and 

+ fl m 1 n ) 	J'1 (mn ) 
transforms exactly as 

1- n- 
	

-(m-n) 
m 	n 	in 

If m=n, the firs.t set of couplings transformations as 

2m' -2m but the second set transforms as a 1  and a 2 , 

respectively, since eØe = a1 + a2 + e2, again, from 

(A.5) 

 

the character table. 

Using these coupling coefficients, two 7t electrons may 

be coupled spatially according to the rules (A.4) and (A.5) 

to produce 

1 
Z 	: 	[7r(1)7r(2) + 7ry ç1)lry (2)] 

.1 

- 	[7r(l)7r(2) - 7r(l)7r(2)] 	 (A.6) 
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I7 . 

	(1)Tr 	- 

() 1 	
Iir(l)ir( 2 ) + 1r(l) 1r( 2 )] 

v 2 

where 'Tr(l) indicates that this is a functionof the coor-

dinates of particle one. 

The configurations are symmetry functions of space and 

spin coordinates so a spin part (singlet or triplet in this 

two electron example) must be multiplied with the functions 

of (A.6). Using the resulting combinations, written as 

linear combinations of determinants, the SCF configurations 

used in this study are easily obtained: 

X 3 : A(. .,. 

a' 	: 	A(.. 3Tr 	- 	A (32)  

	

x 	,-. 	y 

--- A( ... 3i 3ir c) + ---- A(. ..3Tr 37r a) 
1/2

.x y 	 y x 

b'E: . 	A (32) + 	A(..3) 
/7 	

.. 	X 	 y 

c'E: 	½ A ... 27r22Try3Irx3Tra) - 

+ 

A' 	1 A(... 	 3Tr 	- 
/7 

	

A(... 	 + 

A(... 27r 2 2Tr 3Tr 3n 2 a) 
/;- 	

.x y X.y 

A(... 27r 27r 2 37r 2 37r cc) 
X 	X )' 
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Table 	I. Comparison of experimentally determined excitation 

energies (T0 , in cm 1 ) of 02, 	S 2 , and SO for the 

electronic states studied in this work. 

2. . 

sob 
. 	 . . 

sb 
.2 

B3U 49358 B 3 E 41629 B3ZU 31689 

35007 Att 3 E AE 21971e 

34319 At 28400d A' 20974e 

c' 32664 c'E 27700c c' 20250 

b'E 13121 bE 10510 b 1 z -8500 

a i Ag  7882 a1 61509 a'A g  -4700 

x 3  0 0 0 

aPH. Krupeñie, J. Phys. Chem. Ref. Data 1, 42.3 (1972). 

bFrom Ref. 2, unless noted. 

cFrom Ref. 8, argon matrix value. 

dFrom. Ref. 9, argon matrix value. 

eN.A. Narasimham, V. Sethuraman, and K.V.S.R.. Apparao, J. 

Mol. Spectrósc. 59, 142 (1976); N.A. Narasimham, K.V.S.R. 

Apparao, and T.K. Balasubramanian, ibid. 59, 244 (1976). 

Lee and G.C. Pimentel, J. Chem. Phys. 70, 692 (1979), 

argon matrix value. 	 . 

Ishiwàta and I. Tanaka, "Sensitized Chemiluminescence by 

SO ( ' Li), "  Thirteenth Informal Conference on Photochemistry, 
Clearwater Beach, Florida, 1978. . 
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Table II. Comparison of properties predicted for the three 

lowest states of SO by two different basis sets 

State Basis Seta Method Te b  cm r e ,A cm' e  

A CI 12400 1.518 1160 
A SCF 16400 1.464 1350 
B CI 12200 1.519 1110 
B SCF 16400 1.464 1340 

a 1 A A CI 7140 1.506 1200 
A SCF 8300 1.460 1260 
B CI 6830 1.509 1120 
B SCF 8300 1.461 1350 

A CI 0 1.499 1200 
:A SCF 0 1.457 1350 
B CI 0 1.500 1180 
B SCF 0 1.457 1360 

aBasis set A was the [6s4p1d/4s2pld] contracted. set of GTOs 

used in the remainder of the study. Basis set B was dif- 

ferent than A only in that the oxygen set was larger, 

[5s3pld]. See the discussion in the text. 

bThe excitation energies are relative to the ground state minima 

as computed by the corresponding level of.theory and using 

the corresponding basis set. The absolute .energies of the 

ground state minima are -472.33354 (SCF) and -472.51170 (CI) 

using basis set A and -472.33550 (SCF) and -472.52060 (CI) 
using basis set B. 

cThe CI calculations in all cases utilized a configuration list 

which was constructed, from all single and dOuble substitutions 

of valence electrons from the Hartree-Fock occupation. The 

CI space associated with basis set B is therefore larger 

than that that associated with A. See the discussion in the 
text. 
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