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Photoelectron spectra of 1,2-dithiin are assigned with ab initio electron propagator calculations of vertical
ionization energies and corresponding Dyson orbitals. Close agreement with experimental peaks obtains for
the first nine final states. Dyson orbitals for the first three vertical ionization energies are composed chiefly
of sulfur 3p and butadiene fragment orbitals. Constructive interference between the second highest occupied
st orbital of butadiene and sulfur 3p orbitals is seen in the Dyson orbitals pertaining to the fourth and seventh
ionization energies. Weak bonding between sulfur atoms is found in the Dyson orbital for the fifth final
state.

Introduction Dyson orbital is known as the pole strengthand is given by

Sunflowers and related plants in thsteracea¢amily contain
1,2-dithiin derivatives that fascinate medicinal and theoretical p= f 1PY°(x,) | %dx, )
chemists alike. The former have demonstrated the extensive
antiviral, antifungal, antibacterial, and nematocidal properties such that
of thiarubrines A and B.The syntheses of 1,2-dithiin pigments
and the antibiotic activity of these compounds in darkness and O=p=1 3)
in light have been widely investigat@d. Theoretical interest
issues from the possible antiaromaticity of six-member, eight-  Photoionization intensities are proportional to pole strengths
electron rings, tautomerism pertaining to ring-opened forms, and and to squares of transition operator matrix elements between
the stability of variational arisze4~1° Configuration interaction Dyson orbitals and continuum orbitals that describe the ejected
calculations on the lowest excited states have provided explana-€lectron. In the uncorrelated Koopmans picture, pole strengths
tions for the redness of 1,2-dithiin in terms of wave functions €qual unity and Dyson orbitals are equal to canonical, Hattree
dominated by excited determinants where an electron is Fock orbitals. Electron propagator calculations supersede Koop-
promoted from one of the highest occupied molecular orbitals mans results by providing direct determinations of correlated
of the ground state to the lowest unoccupied molecular IES, Dyson orbitals, and pole strengths without evaluation of
orbital#!1 Gas-phase, photoelectron spectra (PES) of 1,2- the many-electron wave functions of the initial or final states.
dichalcogening have been interpreted in terms of Hartree
Fock molecular orbitals and their energies. Methods

In this paper, the PES of 1,2-dithiin are investigated with  Geometry optimizations are performed with Gaussiaf®98.
correlated, ab initio electron propagator methdé: With these  Ejectron propagator calculations are executed with a link
techniques, it is possible to systematically calculate correlation connected to this program.

corrections to the results of Koopmans's theorem (KT), where  The NR2 electron propagator approximafibis employed
energies of frozen, Hartred=ock orbitals are used to estimate i tests of basis set effects on calculated vertical IEs. This
electron binding energies. Orbital relaxation in the final state method has been shown to provide accurate accounts of the
and differences in electron correlation energy between the initial gyter valence PES of closed-shell molecules, with an average
and final states are taken into account in the propagator ghsolute error of approximately 0.15 eV when a basis set of
calculations. To each ionization energy (IE) calculated with these tripje ¢ quality or better is employed. Given the unusual bonding

methods, there corresponds a Dyson orbitab¥>™, that  and the multiconfigurational character that characterize the
represents the overlap between the inifiaklectron statelW'y, ground state 1,2-dithiin, one cannot expect similar accuracy from
and the final state wittN—1 electronsWy-1. Dyson orbitals  NR2 calculations here. Nonetheless, the computational efficiency
are defined by and rough accuracy of the NR2 method make it suitable for
evaluating basis set effects.
P®*x) = VN fle (Xg» Xon Xy +ons X)) X Basis sets for electron propagator calculations are constructed
. as folloyvs. For s_ulfur., the McLearChandler (125,9p/§335p)
W1 (X0 Xas Xgy - Xyy) AXo0X50X,, .., Xy (1) contraction for aniori€is supplemented by d and f polarization
functions with 0.5 and 0.55 exponents, respectively. For carbon
where x is the space-spin coordinate of electron(Dyson and hydrogen, Dunning’s (10s,6p/5s3p) and (5s/3s) contrac-

orbitals are also known as FeynmaByson amplitudes; these  tions'® are used. Carbon d functions with 0.65 exponents and

concepts first arose in quantum field theory.) The norm of the hydrogen p functions with 0.75 exponents are added.
Several augmentations to the (6s5p1dif,5s3pld,3s1p) basis

* To whom correspondence should be addressed. E-mail: ortiz@ksu.edu.were examined sequentially in NR2 IE calculations.
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TABLE 1: 1,2-Dithiin Structure
parameter MP2/6-311G(d,p) MP2/6-311G(cippf  exptP®

S-S (A) 2.082 2.051 2.051(3)
- 1.762 1.760 1.759(4)
=C 1.355 1.355 1.353(3)
c-C 1.455 1.455 1.451(1)
S—-S-C () 97.5 97.8 98.7(2)
S-C-C 122.1 121.6 121.4(2)
C-C-C 123.9 123.8 124.2(2)
S-S-C-C -43.2 -43.5 -41.2
Figure 1. Structure of 1,2-dithiin. g_g_i_% g?i g?? ggg
C-C-C-Ss 2.3 2.0 0.3

1. Double sets of d or f polarization functions on sulfur and
double sets of d polarization functions on carbon. (Double sets TABLE 2: lonization Energies (eV) and Pole Strengths
of polarization functions are derived by multiplying the original

exponents by 0.5 and 2.0.) final state PES BD-T1p NR2p KT p
2. Diffuse s and p functions on sulfur or carbon. (Multiplying XA 8.16 g'gé g'gg f'32
the smalltes)t s and p exponents by 0.3 defines diffuse function 5 2 9.82 9.72 0.62 10.42
exponents. 0.89 0.87 1.
3. Carbon f (0.75 exponent) functions. B2A 10.06 9.78 9.72 10.38
4. Sulfur g (0.683 exponent) functions. , 0.89 0.87 L
In NR2 calculations on the first three final states, none of B 18'85
the augmentations in the first two categories increased the IE - 2p 11.51 11.57 11.47 12.57
by more than 0.02 eV and some actually reduced the calculated 0.88 0.80 1.
electron binding energy. Carbon f and sulfur g functions B 11.98
increased the predicted IEs by approximately 0.03 and 0.04 eV, 0.02
respectively. D2A 12.17 12.20 12.01 13.03
Strong correlation effects in the ground state of 1,2-dithiin A 0.88 1£ff L
indicate the need for a reference state that is superior to the 0.02
Hartree-Fock wave function used in NR2 calculations. The BD- E2A 12.66 12.75 12.75 14.22
T1 electron propagator approximati&hwhich employs a 0.88 0.83 1.
Brueckner doubles, coupled-cluster reference $fks used, A 12.98
therefore. BD-T1 results on IEs of closed-shell molecules F2B 13.15 13.02 (1)2028 14.42
improve on NR2 values and are clearly superior for anion ' 0.86 0.48 1
electron detachment energfésore IEZ3 and IEs of biradicaloid B 12.99
species such as ozoffeBD-T1 IEs therefore are calculated with 0.23
the (6s5p1d1f,5s3pld,3slp) basis set. B 13.68
Core orbitals are omitted from summations that are performed 0.10
. . G2 14.40 14.71 16.61
in the electron propagator calculations. IEs are converged to 0.85 1
within 0.01 millihartrees. H 2A 14.97 14.93 16.82
Plots of the optimized geometry of 1,2-dithiin (Figure 1) and 0.86 1.

of _Dyson orbitals produced l?y the (6s5p1d1f,5s3p2d,3slp) basis  , NR2 produces spurious cationic states with low pole strengihs (
(Fig.s 2 and 3) are made with MOLDEN Contours represent  pecause of the inadequacy of the Hartreck orbitals it employs.
amplitudes of+0.075.

Dyson orbitals is normalized to unity and expanded in terms of
reference state orbitals, there is a dominant coefficient between
Structure. The geometry of the 1,2-dithiin molecule was 0.98 and 1.00 from a single, occupied Brueckner orbital. In
optimized with second-order, many-body perturbation th&ory contrast, corresponding NR2 pole strengths are often lower than
and the 6-311G(d,p) basis27-28The initial guess structure was  0.85 and corresponding Dyson orbitals have significant contri-

taken from MP2/6-33G(d) data in the PES repdft Optimiza- butions from more than one canonical Hartré®ck orbital.
tion yields a structure that closely reproduces the experimental The occupied Brueckner orbitals and the Dyson orbitals for
values based on microwave spectroscéilable 1 shows these  ionization energies are, in general, somewhat less diffuse than
results. Relaxation of all symmetry constraints in the initial guess their occupied, HartreeFock counterparts. NR2 also yields
of ref 11 leads to &; structure whose total energy agrees with many correlation final states with pole strengths that are less
that of the presertt; structure to within 0.1 millihartree. Only  than 0.8. These results indicate that the Hartféeck reference
the S-S bond length displays a significant disagreement with state that is used in NR2 calculations is not always suitable for
experiment. This discrepancy is remedied by adding f functions a description of the 1,2-dithiin photoelectron spectrum.
with 0.55 exponents from the sulfur 6-311G(df) ba®isA BD-T1 and NR2 calculations disagree with KT results on
significantly shorter S S separation results and all bond length the order of the second and third final states. Discrepancies
errors are less than 0.004 A. Figure 1 displays this structure, between calculated and experimental values are largest in the
which is used in subsequent calculations of IEs. KT column and are smallest in the BD-T1 column. BD-T1
Vertical lonization Energies. IEs and pole strengths in  calculations with a basis set containing carbon f and sulfur g
several approximations are tabulated in Table 2. Irreducible functions are not currently feasible, but these improvements are
representations of th&, point group label the final states. BD-  likely to improve agreement between theory and experiment
T1 pole strengths lie between 0.85 and 0.90. When each of thefor the first three IEs.

Results and Discussion
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Figure 3. Dyson orbitals (correlated generalizations of occupied,
Hartree-Fock orbitals) for IEs corresponding to théA F°B, G?B,
and HA cationic states of 1,2-dithiin.

In comparison with the first two cases, carbon contributions
are smaller in this Dyson orbital. Therefore, the interpretation
of intensity changes from He | to He Il spectra made in ref 11
is confirmed.
Figure 2. Dyson orbitals (correlated generalizations of occupied,  pifferential correlation effects reverse the order of the second
Hartree-Fock orbitals) for IEs corresponding to théA A’B, B*A, 2A and the first2B states. These states are separated by
C?B, and FA cationic states of 1,2-dithiin. .
approximately 0.1 eV and account for the enhanced area of the

Since the pole strength is close to 0.9 for the lowest IE and second peak relative to that of the first peak in the PES. A
Dyson orbitals calculated in the NR2 and BD-T1 approximations superior fit of the PES was obtained when two Gaussians were
are in close agreement, the Koopmans description is qualitativelyused for the second featufe.
valid for the X2A final state. The corresponding Dyson orbital In the CB state, the Koopmans description retains its
displays a combination of lobes in the G-C, and G—Csg qualitative validity, but the Dyson orbital bears closer resem-
internuclear regions that resembles the highest occupied orbitalblance to an occupied Brueckner orbital than to the correspond-
of butadiene, for there is a node in thg—<€Cs region. (See ing Hartree-Fock orbital. The pole strength is significantly
Figure 2.) All C-S and S-S interactions arg antibonding in larger in the BD-T1 calculation than in the NR2 result. Two
this Dyson orbital. S S s antibonding is only slightly reduced  spurious shake-up states with low pole strengths are predicted
by a tilting of the sulfur 3p contributions. All of these atthe NR2 level. Despite these deficiencies, the NR2 IE is also
interactions are reduced somewhat by the nonplanarity of thein good agreement with experiment. Sulfur lone pair and a
ring and the consequent lowering of symmetry fr@g) to Co. variety of two-center bonding lobes form a pattern of alternating
Minor sulfur 3s mixing allows the larger lobes of the resulting phases in the Dyson orbital. The pattern in the butadiene sector
sulfur hybrid orbitals to point away from the neighboring sulfur is created by interference between the second highest occupied

lobes while the smaller lobes introduce someSso bonding. st orbital ando orbitals of this fragment.
Despite this accommodation,<S and S-S & antibonding Strongo bonding between the sulfurs is seen in the Dyson
relationships predominate. orbital for the [FA state. Here two sulfur 3p orbitals tilt slightly

In the A%B state, the largest contribution to the Dyson orbital away from the S-S axis and toward the interior of the ring.
is made by sulfur 3p orbitals that adopt perpendicular orienta- Lobes outside the ring are large. This nonbonding character
tions to reduce SSr antibonding. Ar antibonding relationship ~ accounts for the relative sharpness of the corresponding feature
also obtains between thg Bagment and the lobes of the other in the PES, for there are several other orbitals that contribute
ring atoms, which now resemble the second highest occupiedto S-S bonding. As in the previous case, the Dyson orbital

orbital of butadiene. Mixing from the butadiene* orbital more closely resembles an occupied Brueckner orbital than the
decreases thes@nd G contributions relative to those fromyC  corresponding Hartree=ock orbital.
and G, thus diminishing the €S antibonding relationship. In the Dyson orbitals for the4d, G?B, and HA final states,

Despite the large discrepancy between the experimental IE andthe dominant features arebonding lobes. (See Figure 3.) An
KT results, the pole strengths in the correlated calculations in-plane,s interaction between the sulfurs may be seen in the
remain large and the correlated Dyson orbitals from NR2 and E2A Dyson orbital. A small SS ¢ bonding contribution is
BD-T1 calculations strongly resemble the second highest present in the PA Dyson orbital, which features lobes with
occupied HartreeFock orbital. The Koopmans picture of this  alternating phases in the ring.
ionization therefore is qualitatively valid. S—Sur bonding interactions are present in the Dyson orbital
For the B'A cation state, the pole strength and Dyson orbital for the B final state. There is some delocalization into lobes
results also qualitatively confirm the Koopmans picture. In that resemble those of the second highest occupiebital of
contrast with the XA Dyson orbital, here there are bonding butadiene.
interactions between the84 and $ fragments. These bonding Pole strengths in BD-T1 calculations remain between 0.85
relationships are accentuated by sulfur 3p orbitals that are and 0.88 for the BA through HA final states. NR2 calculations
oriented for C-S  bonding. This arrangement of sulfur 3p  produce considerably smaller pole strengths, especially in the
orbitals avoids SS s antibonding and assists-S ¢ bonding. case of the B final state.
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is avoided. Some SS ¢ bonding also is induced in this way.

In the A?B Dyson orbital, the lower butadienefragment orbital
mixes with a combination of sulfur 3p orbitals that are nearly
perpendicular. The SS relationship thus is nonbonding. This
butadiene fragment orbital also contributes to the Dyson orbitals
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