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Multi-configurational electron correlation methods have been used to analyze the
electronic structure and spectrum for S;~, the chromophore in lapis lazuli and
ultramarine. The broad peak in the visible part of the spectrum is assigned to two
electronic transitions, in accord with fairly recent MCD measurements. Also the
reported UV transition fits well with the present calculations. Basis sets including
f-functions are used in MCSCF calculations with more than 103 configurations
followed by a second-order perturbation treatment. The electron density as well
as the spin density are analyzed on a somewhat lower level of accuracy, and they
show no surprising features. The spin density resembles very much the electron
density for the singly occupied m*-orbital.

The beautiful colour of the gem lapis lazuli and the pig-
ment in ultramarine is due to the ion S;~ trapped in a
sodalite cage.! The colour is caused by a broad absorp-
tion around 620 nm followed by a region with no ab-
sorption down to 350 nm.>~> The visual appearance gives
association to transition-metal atoms rather than to sul-
fur. This is intriguing, and one of the reasons for under-
taking the present study.

S;” has an unpaired electron in a m*-orbital. Its va-
lence isoelectronic analog one row above in the periodic
system is O, , the ozonide ion, and like this it is bent
with an angle of about 115°. The absorption spectrum of
O;” has a broad peak around 430 nm followed by low
absorption down to 240 nm;® the two spectra thus show
similarities, but as one might expect, the transitions are
found at lower wavelengths for O;~. Neither of the re-
corded experimental absorption spectra shows any split-
ting of the outer band, with the possible exception of the
spectrum published by Holzer et al.> of S;~, where a
small shoulder is shown. The magnetic circular dichroism
spectrum of S,”,°> however, indicates the possibility of
two transitions in this region, and so does a photodis-
sociation study of O;".” It is therefore of interest whether
a theoretical investigation will show one or two transi-
tions, and if O;~ and S;~ are different on this point.

Since S;” is a naturally occuring simple and stable
radical, it is also of interest to investigate the electronic
structure of the system in terms of electron density, the
Laplacian of the density, and the spin density. S;~ has
been the target of previous calculations: SW-SCF-Xa by
Cotton et al.® and ab initio calculations by Hinchliffe® and
Bash.'® There have been a number of investigations on
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057, and only a recent and accurate study by Gonzéles-
Luque er al.'' will therefore be mentioned in this con-
nection, both for its results and as an entry to the lit-
erature.

Geometry

The S;™ ion in its ground state has a bent structure, as
found in both theoretical and experimental studies, and
does not form a ring. The aim of the present investigation
is not geometry optimization as such: the attention is on
the electronic structure of the ground state and on the
vertical excitation energies. The involved electronic states
have, of course, differences in geometry, and vibrational
levels as well as the effects of the surroundings would
have to be considered explicitly, if the aim were more
than an assignment of the spectrum.

The geometry adopted for all the calculations on S5~
was (200 pm; 115°), where the numbers (@ pm; b°) sig-
nify that the X-X distance is a pm and the X-X-X angle
is b degrees, with X beeing S or O. Using Gaussian 90'?
and 6-31G* basis functions resulted in (199 pm; 115.0°)
on the UHF (unrestricted Hartree—Fock) level and
(201 pm; 115.5°) using the MP2 (Moller—Plesset second-
order perturbation) approach.!”® Hinchliffe® found
(200 pm; 113°) from Hartree—Fock calculations and
Bash'® (208 pm; 115.9°) using MC SCF (multi-configu-
rational self-consistent field). There does not seem to be
any accurate experimental determination of the structure.

For O;” the UHF 6-31G* results are (131 pm; 116.0°),
the corresponding MP2 values (134 pm; 114.8°),”* and
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two more accurate calculations find (136.1 pm; 115.4°)"!
and (139 pm; 115.3°),' respectively. The experimental
values for the crystals of RbO; and KO, are
[134.1(15) pm; 114.6(13)°] and [135.7(5) pm; 113.4(8)°],
where also the uncertainties have been listed. A gas-
phase investigation'® finds [134(3) pm; 113(2)°]. The cal-
culated values for O;~ agree well with the experimentally
determined results, and there is therefore good reason to
believe that the adopted S;~ geometry will be sufficiently
accurate. In order to evaluate the uncertainties in the S;~
calculations reported below, some parallel calculations
have been undertaken for O;”, and the geometry chosen
for these was (134.9 pm; 114°), which is an average of
the experimental values for RbO; and KO,.

All calculations have been performed in C,, symmetry
with C, along the z-axis and the three atoms in the yz-
plane. The m*-orbital with the unpaired electron has,
therefore, b, symmetry, and transforms as x in this co-
ordinate system. The ground state of the ion is accord-
ingly ?B,. It should be noted that some investigations use
a different notation.

Details of calculations

Two different basis sets have been used in the S;™ cal-
culations: A primitive (12s, 9p, 1d) set contracted as
[7s, 5p, 1d] in a segmented contraction, and a primitive
(17s, 12p, 5d, 4f) set contracted as [Ss, 4p, 3d, 1f] in a
general contraction. The basis sets will be denoted Bl
and B2, respectively, in the following. B1 is due to Veil-
lard'® but augmented with a set of d functions.'” B2 is a
generally contracted basis set of the atomic natural or-
bital (ANO) type'® reported by Widmark ef al.'® For the
comparative calculations on O;” a generally contracted
(14s, 9p, 4d, 3f)/[4s, 3p, 2d, 1] ANO basis set was
used.?”

The applied methods were restricted Hartree—Fock
(RHF), unrestricted Hartree—Fock (UHF), complete-ac-
tive-space multi-configurational self-consistent field
(CASSCF)*! and CASPT2.?*? The last of these meth-
ods is a Moller—Plesset-type perturbation theory to sec-
ond order, where the zeroth-order Hamiltonian is defined
as a Fock-type one-electron operator. In some of the cal-
culations, only the diagonal part of the Fock matrix is
included (termed PT2D), since the use of the full matrix
(PT2F) gives changes, which are relatively insignificant
compared to other errors in the investigation.

The CASPT2 and most of the CASSCF calculations
were performed using the program system MOLCAS-2,%*
whereas the other calculations were performed using local
programs and adaptations.

The electronic structure of the ground state

The ground state of S;~ has B, symmetry with a singly
occupied nt*(b,) orbital in the RHF description. The total
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density and the Laplacian of the density are shown in
Fig. 1, where also the Bader-type® partitioning of the ion
has been indicated. The basis set used for displaying den-
sities was B1 throughout, and no great changes are ex-
pected with B2. On the RHF level the two outer S atoms
carry a charge of —0.55 each, leaving the atom in the
middle with a positive charge of 0.10 using a Mulliken
population analysis.”® The overlap population between
bonding atoms is 0.28, a fairly low figure, which is due to
the electronically crowdedness of the system as well as
the antibonding orbital. For comparison, the largest of
the CASSCEF calculations results in charges of — 0.49 for
the outer atoms and - 0.03 for the atom in the middle.
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Fig. 1. (a) Total RHF density in the molecular plane for S5~
with atomic regions separated by Bader lines; contours from
0.01 to 2.56 eag 3 with a factor two between adjacent lev-
els. (b) Laplacian of the density; negative regions indicated
with grey.



The Laplacian of the density, apart from the shell struc-
ture of the atoms, shows the concentrations of density
along the bonds, in particular close to the center atom,
and concentrations in lone-pair regions.

A difference density between S;~ and S, in a plane la,
above the plane of the molecule (la,=52.92 pm) and at
the RHF level of approximation shows features which are
almost identical to the density of the singly occupied m*-
orbital (Fig. 2). The spin density of the system is, of
course, dominated by the features of the singly occupied
orbital, but the RHF level by nature can show only fea-
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Fig. 2. (a) Difference density at the RHF level between S;~
and S; in a plane 1a, above the molecular plane; contours
from 0.000625 to 0.02 ea; 3 with a factor two between
adjacent levels, the 0.01 contour has been drawn with a
thick line. (b) Density for the m*-orbital of S5~ at the RHF
level.
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tures of either o or B spin, and the investigation was there-
fore extended to the UHF and CASSCF methods, in
order to get a more detailed analysis (Fig. 3).

The n*-orbital, apart from its nodes on the bonds, has
a node in the molecular plane, and spin density features
in this plane must therefore have their origin elsewhere.
The plane of the molecule and a plane la, above have
been depicted. Negative features show up on the bonds
in the CASSCEF results, but they are small, and the gen-
eral picture does not deviate much from the electron den-
sity of the m*-orbital. There are also some small features
in the plane of the molecule for the CASSCF spin den-
sity, which add majority spin to the central atom and
negative density to the bond and to the far side of the
outer atoms. The CASSCF calculations in this case dis-
tributes nine electrons in nine active orbitals, with each
symmetry contributing two orbitals, apart from b,, which
supplies three active orbitals. The UHF calculations
show similar but exaggerated trends. This has been seen
before,”” and even though a recent investigation®® con-
cludes that the negative features in UHF spin densities
are due to spin contamination from higher spin states, the
unprojected UHF results often show good qualitative
agreement with multiconfigurational SCF results. The
value for <$2> in the present UHF calculation is 0.767,
which is not very far from 0.75, the value for a pure dou-
blet.

As seen in Fig. 3, the spin density is highest on the
central atom, and a spin population analysis of the most
accurate CASSCEF calculation using basis set B2 results
in 0.43 for the central atom and 0.29 for each of the other
two. This distribution is opposite that of the total density,
which has the highest population on the outer atoms in
order to reduce repulsion in this electron-rich negative
ion.

Table 1. Total energy for the 2B, ground state of S, as a
function of basis set, method and size of the active space.

Calculation Energy®

Basis set B1

RHF —1192.6018
UHF -1192.6070
CASSCF 9/9 —-1192.6696
Basis set B2

RHF - 1192.696 045
CASSCF 9/9 —-1192.770 195

CASSCF 13/11
CASSCF 17/13

—1192.784066
—-1192.791236

PT2D 9/9 —1193.297692
PT2F 9/9 —1193.300928
PT2D 13/11 —1193.301659
PT2F 13/11 —1193.305374
PT2D 17/13 —1193.307612
PT2F 17/13 -1193.307089

2 In atomic units, au; 1 au=4.35975Xx 10 '8 J,
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(d) 7]

Fig. 3. (a) CASSCF spin density for S;~ using basis set B1 and the 9/9 space for a plane 1a, above the molecular plane;
contours start at +0.000625 eqa; 3, negative regions are indicated with grey, and there is a factor two between adjacent
levels. (b) UHF spin density 1a, above the molecular plane. (c} CASSCF spin density in the plane of the molecule. (d) UHF

spin density in the plane of the molecule.

The electronic spectrum

The absorption spectrum of S, shows a pronounced
peak around 620 nm followed by a region with low ab-
sorption down to 350 nm, and a second absorption band
at 275 nm.*~®> The MCD spectrum® indicates two tran-
sitions under the broad absorption band, and it is there-
fore the aim to interpret these spectra and assign the
bands.

Table 2. Vertical excitation energies in eV (1eV=
1.602 19X 107 "° J) for S,~ from CASSCF calculations with
basis set B2.

Excited state CAS 9/9 CAS 13/11

CAS 17/13 Exp.?

124, 3.29 1.94 1.78 1.91
12A, 2.41 2.23 2.18 2.36
22, 5.09 4.93 4.90 4.51
1?8, 2.36 1.85 1.72 No®

2 Ref. 5. ® Not allowed.
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The total energy for the 2B, ground state with the ap-
plied basis sets and methods have been listed in Table 1.
From O, it is known'' that correlation plays an impor-
tant role, and that multi-reference functions are necessary
to describe properly both the dynamic and the static parts
of the correlation energy. The strategy in selecting the
active space has been to include at least one of the doubly
occupied and one of the unoccupied orbitals (in the RHF
sense) from each symmetry, together with the singly oc-
cupied b, orbital. The simplest space of this kind has nine
active electrons in nine active orbitals leading to about
2200 configuration state functions (CAS 9/9) of each
symmetry. The space is then extended with doubly oc-
cupied orbitals to 13/11 and 17/13. The latter space con-
sists of a little more than 10° configurations and includes
all valence electrons from sulfur 3s and 3p, apart from
two electrons corresponding to the lowest valence orbital,
which has a, symmetry.

The results of the calculations show a reasonable con-
vergence with the extension of the active space (Tables 2
and 3), and they compare well with experimental results,
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Table 3. Vertical excitation energies in eV for S;~ from CASPT2 calculations based upon the CASSCF calculations of Table 2

(experimental values given in Table 2).

Excited state PT2D 9/9 PT2D 13/11 PT2F 13/11 PT2D 17/13 PT2F 17/13
124, 2.61 1.82 1.74 1.81 1.77
124, 2.25 2.06 1.98 2.01 1.98
2°B, 4.68 4.47 4.50 4.42 4.45
128, 1.74 1.61 1.68 1.7 1.70

in particular the largest active spaces and at the CASPT2
level. Only the 9/9 calculations of the 24, excitation en-
ergy breaks the pattern: the rest of the results show good
stability.

The CASSCEF results for the 2°B, state correspond to
the second root of b, symmetry optimized for the 1°B,
ground state. The CASPT2 calculations on the 2°B, state
are performed accordingly. This may be a somewhat
questionable approach, in particular for the CASPT?2 cal-
culations, but with the great stability of the results it may
be justifiable. Second roots corresponding to the other
C,, symmetries are found at higher energies than 2°B,.

The assignment is therefore that the outer band cor-
responds to two transitions, 24, and °4,, with a prefer-
ence of 24, beeing at the longest wavelength. The same
order appears from the calculations by Bash.!® The peak
at 275 nm (4.51 eV) is assigned to a transition to the 2°B,
state, and it is assumed that the 232 state does not show
up in the spectrum, since it is not electric dipole allowed.
The B, state would have been predicted to be close to
or at slightly longer wavelengths than the 24, transition.

Even though this assignment of the spectrum looks
fairly convincing, it should be borne in mind that it is
based upon vertical transitions, and that no attention has
been given to the vibrations. The effects of the surround-
ings have not been treated either, and these may be sub-
stantial for an electron-rich system carrying a negative
charge. The results should therefore only be considered
for their qualitative virtues, even though powerful basis
sets and large configuration expansions have been used.

In order to have a handle on the accuracy of the re-
sults, some calculations have been repeated for O;~
(Table 4). CASSCF has been applied with the 17/13
space, and a CASPT2D has been performed on top of
this. The results for O, are very similar to those for S;7,

Table 4. Vertical excitation energies in eV for 0,™.7

Excited state CAS 17/13 PT2D 17/13 Exp.
124, 2.29 2.35 2.05°
12A, 3.09 2.62 2.65°
228, 7.46 6.85 >5°¢
1°B, 2.14 2.18 No“

? The corresponding total energies for the 231 ground state
are —224.641128 au and —255.203889 au for the
CASSCF and PT2D calculations, respectively. ® Ref. 7, with
the assignment of the two states reversed. ° Ref. 6, where
the main absorption band has its maximum at 2.88 eV. ¢ Not
allowed.

there is just a shift to somewhat higher excitation ener-
gies, as expected. Two transitions are found under the
main absorption band, and the agreement with experi-
mental results is absolutely acceptable, considering the
inadequacies of the present approach as described above.
It should, however, be noted that the experimental as-
signments of the two outer transitions have been reversed
in Table 4, in order to match the calculated numbers.

Conclusions

For both S;~ and O;” the broad peak in the absorption
spectrum (located around 620 nm for S;~ and 430 nm for
O,7) is assigned to two transitions. The terms involved
are 4, and 24, with transitions to ?4, calculated at the
longest wavelength in both cases. The experimental in-
vestigation on O, based upon laser photodissociation’
favours the reverse assignment with 24, at the longest
wavelengths. Their argument for this does not seem to be
very strong (and the order has tentatively been changed
in Table 4), but the results of the present calculations are
not sufficiently accurate to make a definite conclusion on
this point.

For both ions, the stretch with low absorption is con-
firmed, and for S;~ the peak at 275 nm, corresponding to
4.51 eV, is assigned to the 2°B, state, which is found at
4.45 eV in the most elaborate calculation (CASPT2F 17/
13).

The electron density, the Laplacian of the density, and
the spin density show features with no major surprises.
The outer atoms carry most of the negative charge, and
this is a contrast to the spin density, in which the central
atom shows the highest peak. The spin density as such is
very similar to the electron distribution for the singly oc-
cupied m*-orbital. Only minor regions with negative spin
density are found.
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