Journal of
the Serbian
Chemical Society

189
NI
9 0001t eyilv ™ JSCS-info@shd.org.rs « www.shd.org.rs/JSCS
J. Serb. Chem. Soc. 84 (8) 801-817 (2019) UDC 544.354-128.2:543.426.1:537.5:
JSCS-5226 544.2.004.12

Original scientific paper

SCCS ™ radical: Renner—Teller effect and spin—orbit coupling in
the X 2Hu electronic state

STANKA V. JEROSIMIC*, MARKO LJ. MITIC and MILAN Z. MILOVANOVIC

Faculty of Physical Chemistry, University of Belgrade, Studentski trg 12—16, PAC 105305,
11158 Belgrade, Serbia

(Received 1 April, accepted 6 May 2019)

Abstract: SCCS- was detected by laser-induced fluorescence spectroscopy in
2003 (M. Nakajima, Y. Yoneda, Y. Sumiyoshi, T. Nagata, Y. Endo, J. Chem.
Phys. 119 (2003) 7805) and its spectrum was analyzed and the results pre-
sented together with ab initio calculations data. Symmetrical stretching vibrat-
ions were assigned in both the ground X 21, and the first excited 4 2Hg elec-
tronic states, but no data about spin—orbit splitting and bending vibrational
modes were given. In the present work, the vibronic levels in the ground elec-
tronic state of SCCS- were calculated by means of a model developed by Peri¢
and coworkers for the treatment of the Renner—Teller effect in any-atomic
linear species in its variational form (M. Miti¢, R. Rankovié¢, M. Milovanovic,
S. Jerosimi¢, M. Peri¢, Chem. Phys. 464 (2016) 55) using the ab initio multi-
reference configuration interaction calculations for obtaining potential energy
curves in the Born—-Oppenheimer approximation. Additionally, the spin—orbit
splitting in the ground state was investigated taking into account the interaction
with the first excited state, and the energies obtained from combined treatment
of vibronic and spin—orbit interactions in the ground state are reported. Finally,
based on the present results, several assignments of unidentified bands reported
by Nakajima et al. are proposed.

Keywords: vibronic levels; four-atomic molecules; 2I1, electronic state; MRCI-
F12 calculations.

INTRODUCTION

Not many anions can have valence excited electronic states below the energy
threshold for electron detachment. One such species is the SCCS— radical, which
was obtained in a discharged supersonic jet of carbon disulphide, and observed
by laser-induced fluorescence (LIF) spectroscopy.!-2 This species was previously
detected by mass spectrometry when (CS,),~ cluster was investigated by photo-
destruction spectroscopy.3 From the spectrum obtained by the excitation scan
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802 JEROSIMIC, MITIC and MILOVANOVIC

variant of LIF and fluorescence depletion technique, the vibrational structure of
the upper electronic state (4 2I1,) was determined.!-2 On the other hand, the dis-
persed fluorescence spectrum indicated vibrational structure in the ground elec-
tronic state (X 2I1,).1 Out of the scope of previous analyses were bending vibrat-
ions, and the issue of possible couplings between bending vibrations and electro-
nic motion, and spin—orbit coupling, which are of importance for an open-shell
species with degenerate I1 electronic states that contains sulfur atoms. In the pre-
sent analysis, the spin—orbit splitting in the ground and the first excited state were
examined, and the vibronic spectrum in the ground electronic state was inves-
tigated by applying the method for combined treatment of vibronic and spin—
—orbit interactions that was developed by Peri¢ for a general n-atomic system,*
and implemented in a Python program by Miti¢ et al. to calculate energies variat-
ionally.5

The employed computational methods are detailed in the following section
Computational methods, after which the results and discussion are given in detail
for the ground electronic state. The present conclusions and general outlook are
given in the last section. Detailed data obtained as results of computations are
placed in the Supplementary material to this paper.

COMPUTATIONAL METHODS

The electronic energy of the X 21, ground state of the title molecule was calculated using
the multi-reference configuration interaction (MRCISD) method®” in its explicitly-correlated
F12 variant,® within the framework of the Born-Oppenheimer approximation, using the
MOLPRO 2012.1 quantum chemical software package.®!0 In all calculations, the equilibrium
nuclear geometry of the ground electronic state, i.e., rg;c; = 1.6358 A, rcjcp = 1.2571 A and
reasy = 1.6358 A, and the equilibrium geometry of the excited 4 I, state, i.e., rg;cq = 1.7172
A, roico = 1.2300 A and 7 = 1.7172 A, were used. These values were obtained in a pre-
vious work using the same MRCISD method.! Thus the approximation of fixed equilibrium
internuclear distances during bending and stretching vibrations of the molecule was used. Two
components of the IT, degenerate electronic state, which splits during bending vibrations,
were calculated within the D,y subgroup of the Dy, symmetry group at linear nuclear arrange-
ments, and C, point group symmetry (components A’ and A”) when molecule is bending at
planar geometries, according to our model. Orbitals and states were also assigned within the
C,, and Cy;, point group symmetries for cis- and trans-bending, respectively; In both cases,
the z-axis is placed along the C, axis (in C,,, the yz-plane was placed in the molecular plane,
and in Cy, group — the xy-plane). Therefore, the II, state splits into A;+B; states under cis-
-bending, and to A, +B, under trans-bending vibrational modes.

The reference function for the MRCI-F12 calculations was the complete active space
self-consistent field (CASSCF) wavefunction,!! obtained by (state-)averaging (SA) of two
components of the ground state. The active space consists of 2m,, 2n,, 3m,, and 3w, orbitals
(actually, in the Dy, subgroup, the active space comprises 2byy, 2b3y, 2byg, 2b34, 3b2y, 3b3y,
3byg, and 3bs, orbitals), where 11 electrons can be accommodated. Therefore, the method is
abbreviated as SA-CAS(11,8). Other valence orbitals that are occupied in the ground state
were set to be double-occupied (564, 664", 76,", 56,, 66,"). Upon bending, when the planar
geometry of the nuclear framework (for both cis- and trans- bending modes) are set, the active

Available on line at www.shd.org.rs/JSCS/

(CC) 2019 SCS.



RENNER-TELLER EFFECT IN SCCS ANION 803

space consists of 16a’, 17a’, 184’, 194', and 3a”, 44", 5a", 6a" molecular orbitals. The final
used energy values were obtained by employing the internally contracted multi-reference con-
figuration interaction method with single and double excitations (MRCISD)®7 in the F12 vari-
ant, corrected with the additional perturbative Davidson cluster correction MRCI(Q), with
relaxed reference. In the calculations of potential energy curves (PECs), the correlation-con-
sistent polarized valence triple-zeta F12 (cc-pVTZ-F12) atomic basis set,!2 which is specially
designed for explicitly correlated wavefunctions, was used. It is noted here that this basis set
also has diffuse functions essential for calculations of anions. However, it was not necessary
to add more diffuse basis functions due to the non-dipolar nature of the corresponding neutral
(the neutral is unable to bind an additional electron to form a dipole-bound state, for which
very diffuse functions in the basis set should be used).

The dependence of natural orbitals on the bending modes was calculated from the state-
average CAS wavefunctions. Furthermore, harmonic frequencies were obtained using the
single-reference coupled cluster RCCSD(T) method for open-shell species,!? in the aug-cc-
-pVTZ and aug-cc-pVQZ basis sets,!'# by optimizing the one component of the degenerate
ground state at strictly linear equilibrium geometry.

The spin—orbit (SO) splitting was calculated by diagonalization of the Breit—Pauli Hamil-
tonian in the basis of CASSCF wavefunctions, within the framework of the MRCI program,'>
for both the ground and excited A 2Hg states at the equilibrium nuclear geometries of both
states in question. Specifically, the SO Hamiltonian was diagonalized in the basis of two com-
ponents of the ground state to obtain the spin—orbit splitting of the isolated ground state (in the
Dy, symmetry group, these components are 1 2I1g,, and 1 2[1gs,), and additionally in the basis
of four components of both states (1 2I1g,,, 1 g3y, 1 2H32g and 1 2ng) in order to evaluate
the influence of the excited state on the SO splitting in the ground state. All calculations of the
SO states were carried out using the standard aug-cc-pVTZ basis set.!4

In the following, the method used for the calculations of the vibronic levels in the ground
electronic state of the 328'2C12C32S- molecule is described. In order to investigate the Renner—
—Teller (RT) effect in the X 21, electronic state of SCCS-,!6 the variational approach was
employed for the ab initio handling of combined effects of the Renner—Teller effect and spin—
—orbit coupling in tetra-atomic molecules with linear equilibrium geometry, which is des-
cribed in details elsewhere.!7-28 The simple model is based on the assumption that the stretch-
ing vibrations and end-over-end rotations are separable from the degrees of freedom that are
not directly involved in the vibronic coupling, namely electronic motion, bending vibrations
and rotation about the axis a (= z) corresponding to the smallest moment of inertia. Since the
low-lying vibronic levels of a symmetric type of molecule with linear equilibrium geometry
are being calculated, the kinetic energy operator for infinitesimal vibrations in terms of trans
and cis curvilinear symmetry coordinates was employed in order to obtain the force constants
kr, k¢, and the Renner—Teller parameters, et and ¢, from the ab initio calculated one-dimen-
sional cuts of the potential surfaces and at bond lengths maintained at their equilibrium values.
In this case, the spin—orbit operator is assumed in the phenomenological form:

1:[ = ASOLAzS;z
where the value for the spin—orbit coupling constant (4gq) obtained from previously described
calculations of spin—orbit splitting in the ground state was used.
The reliability of the model applied in the present study was analyzed,?® whereby special

attention was paid to the topological structure of the adiabatic potential surfaces and non-adia-
batic matrix elements in case of tetra-atomic molecules.?%30 A perturbative and variational
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804 JEROSIMIC, MITIC and MILOVANOVIC

approach for handling the Renner—Teller effect combined with spin—orbit coupling was also
developed for symmetric five-atomic,’! and six-atomic molecules with linear equilibrium
geometry,3%33 and at the end for molecules with an arbitrary number of nuclei.*> The program
for the variational treatment of the Renner—Teller effect in tetra-atomic molecules was written
in the Python programming language using the Numpy package. Normal coordinates were
assumed for the vibrational part of the Hamiltonian, which also allows the treatment of
asymmetric types of molecules.

The vibronic basis for the variational calculation consisted of the direct product of the
electronic wavefunction and the eigenfunction of a two-dimensional isotropic harmonic oscil-
lator (Eq. (48) in Ref. 28) with vi = v, < 15, ve=v5 <15, =14 < 15 and I = [5 < 15, where vy,
ve, Ir and Ic denote vibrational quantum numbers for trans-bending, cis-bending mode, and
quantum numbers for trans and cis-bending angular momenta, respectively. The basis of such
dimensions ensures full convergence of the computer for low-lying vibronic energy levels.
The constructed vibronic Hamiltionian matrices (of dimensions about 1400x1400) were dia-
gonalized using the Lanczos algorithm 3433

RESULTS AND DISCUSSION

The SCCS~ is a chemical species with an odd number of electrons (45 elec-
trons), which has the ground electronic state of linear I1 symmetry that splits
upon bending into two electronic states of very similar energy. The electronic
configuration is: ...(2m,)* (2my)* (3m,)? (3n,)?, where only the system of m-orb-
itals that influence the order of low-lying electronic states, and comprises the
active space in CASSCF calculations is shown. At linearity, this molecule has
seven vibrational modes, three stretching (v, V2, v3) and two degenerate bending
modes, of which one is the trans (v4) and the other the cis mode (vs).

In order to calculate vibronic (vibrational-electronic) energies in this state,
first the splitting of electronic energies upon bending vibrations have to be ana-
lyzed, calculated in the framework of Born—Oppenheimer approximation, then
the spin—orbit splitting, because the presence of sulfur atoms indicates a strong
coupling in this case. The bending potential curves (PECs) along the cis- and
trans-bending coordinates pc and pr, respectively, defined as p = 180°-£S—-C-C,
are displayed in Fig. 1 (ab initio energies are presented in the Supplementary
material, Tables S-I and S-II); the curves were obtained by fixing the internuclear
distances at the equilibrium linear geometry of the ground state (see the Comput-
ational methods section). The most prominent feature of these splittings is the
very small Renner—Teller effect along the cis-bending mode, and significant
coupling in the frans-bending mode of vibration, which influence the vibronic
spectra of this species, as will be seen later.

The energies of molecular (natural) orbitals upon cis- and trans-bending
coordinates are depicted in Fig. 2 (energy values are shown in Tables S-III and
S-1V). The highest occupied molecular orbital (HOMO) is the 3w, orbital that
splits upon cis- and trans-bending to @, + b, and a, + b, orbitals, respectively,
and has three electrons accommodated. The lowest-lying unoccupied molecular
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RENNER-TELLER EFFECT IN SCCS ANION 805

orbital (LUMO) is the 3w, orbital, lying relatively high in energy with respect to
the HOMO (about +0.4 a.u., where a.u. is the abbreviation for atomic units of
energy, Hartree). The energy of the 2w, orbital, occupied with four electrons in
the ground state, is more closely placed to the HOMO than the 3x, orbital and
hence, the first excited electronic state should emerge from the 2n, — 3m, excit-
ation, having now the electronic configuration of: ...(2m,)* (2n,)3 (3m,)* (37,)0,
and indeed the A4 2T, state was detected as the first excited state by fluorescence
spectroscopy. -2
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Fig. 1. The potential energy curves of the ground X 2I1, state along the cis- (on the left-hand
side) and trans-bending (right-hand side) coordinates, calculated by the state-average
CASSCF(11,8)-MRSDCI(Q)-F12 method in the cc-pVTZ-F12 basis set.

See main text for further details.
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Fig. 2. Energy of molecular orbitals of SCCS" in the ground X 2I1, state along the cis- (pc) and
trans-bending (p1) coordinates, calculated by the state-average CASSCF(11,8) method in the
cc-pVTZ-F12 basis set.
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806 JEROSIMIC, MITIC and MILOVANOVIC

The ab initio computed frequencies of vibrational modes are outlined in
Table I together with previous results. For stretching vibrations, the present
values could be compared with previous theoretical and experimental results; the
values obtained by using RCCSD(T)/aug-cc-pVTZ method are in accord with
experimental frequencies, especially for the S—C stretching mode. For a degen-
erate vibration, the same frequencies (equal energy) were not obtained because of
the RT effect, particularly for the frans-bending mode of vibration. Using the
following equation for calculating the average frequencies:

w:\/L KAk _ 1 [ e o (1)
y

2u 2

from & and @' values (higher and lower values of the same bending vibration),
average values of w; =398.02 (403.21) cm! and ws =174.17 (173.70) cm!
were obtained for trans- and cis-vibrations, respectively (see Table I), which are
the ab initio computed values for these two bending vibrations. Additionally, the
bending frequencies were calculated by using the model for the RT effect (further
in the text), with the input parameters extracted from the bending potential
energy curves (displayed in Fig. 1) up to 20°. The values of w; = 412.56 cm™!
and ws = 173.49 cm~! were obtained. As could be noticed from Table I, there
have hitherto been no reported values for the bending frequencies and therefore,
the present values could not be compared with previous results. Nevertheless, the
frequencies obtained from the present RT model will be compared with experi-
mental frequencies in the further discussion.

TABLE 1. Vibrational frequencies (cm™!) of SCCS- in the X 2I1,, state (see main text for further
details)

Vibrational frequency

Method Vi (0g) (C-C v; (ay) (5-C v;3 (o) (asymmetric V4 (1) Vs ()
stretching)  stretching) stretching) (trans-bending) (cis-bending)

RCCSD(T)/ 2008.61 501.44 1037.82 398.02 174.17

aug-cc-pVTZ [339.91, 448.66] [173.23,

RT model 412.56% 175.10]
173.492

RCCSD(T)/ 2013.24 505.56 1047.57 403.21 173.70

aug-cc-pVQZ [346.20,453.10]  [172.72,
174.67]

CCSD(T)/ 2014° 5000 10430 / /

aug-cc-pVTZ

MRCV/ 2037° 507° 1047°

aug-cc-pVTZ

Experimental 1971.53¢ 502.58¢ / / /

3This work, from the MRCI(Q)/cc-pVTZ-F12 bending potential curves; bealculated values of stretching
modes;! ®effective vibrational constants determined from the LIF spectrum1
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RENNER-TELLER EFFECT IN SCCS ANION 807

As the title anion possesses sulfur atoms, relatively strong spin—orbit coup-
ling could be expected, with splittings similar in energies to the bending vibrat-
ions. In this case, the molecule has two spin—orbit components, one with Q =
= 43/2 and the other with Q = £1/2, where Q is the quantum number equal to
A+Z (Ais the quantum number of the electronic orbital angular momentum
along the axis of the molecule; X is the quantum number of the projection of the
total electronic spin angular momentum onto the same axis); A = +1 for the Il
state, and X = £1/2 for a doublet, therefore Q can have values of 3/2, 1/2, —1/2
and —3/2, giving rise to two degenerate spin—orbit components: 2I1,3/> and 2I1,1/»
in the X 211, state. From the electronic configuration, it could be deduced that this
state is inverted and therefore, the 2I1,3/; should be lower in energy than the
2[1,1/» component. The present calculations (see Computational methods section)
confirmed that two spin—orbit components in the ground state are separated by
about 250 cm™!, as will be shown below.

The SO coupling constant (4gp) for the (isolated) X 2I1, state is —243.31
cm!, where the minus sign comes from the inverted state. The same holds for the
isolated 4 2T1, state, with an SO splitting of 298.57 cm! (4gp =-298.57 cm!). In
order to incorporate the influence of the higher lying 4 2Hg state onto the SO
coupling in the ground state, the A state was also added in the spin—orbit matrix.
Therefore, the spin—orbit eigenvalues and eigenstates for both states under con-
sideration are obtained by diagonalizing the Breit—Pauli spin—orbit operator in the
basis of all four components of the X 21, and A4 2Hg states (see Computational
methods section).

The SO splitting of the lower and the upper state at: a) linear equilibrium
geometry of the ground state, and b) at linear equilibrium geometry of the excited
state, which is essential for comparing with experimental results, is presented in
Fig. 3. Namely, in the reported dispersed fluorescence spectrum,! the vibronic
states of the ground state are populated by the fluorescence from the lowest-lying
energy level in the excited state. As could be seen in Fig. 3, at the excited state
equilibrium geometry, the ground state is higher in energy by 2035 cm™!, and the
excited state is lower by 1785 cm™! than the same states at the geometry of the
ground state. Nevertheless, the splittings of the spin—orbit components do not
change significantly. The vertical excitation energy of the 4 2Hg state is 20864
cm! at the ground state geometry and 17044 cm! at its own geometry. These
values can be compared with the band origin 0(0) value of 18423.99 cm~1,! and it
could be concluded that the band origin is in between the two values. (In order to
calculate the band origin frequency, the zero-point vibrational energy (ZPVE)
correction should be included; however, it was assumed here that this correction
is similar for both states in question). Note that the experimental information
available for the ground state was obtained from the radiative decay process from
the excited to the ground state, which obviously correspond more to the nuclear
geometry of the excited state.
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Fig. 3. Scheme of the spin—orbit splitting in the X I1, and 4 2Hg states at the equilibrium
geometry of both states under consideration. Note: Zero energy corresponds to the
electronic energy of the X 21, state without SO splitting.

From Fig. 3, it is also evident that when adding the excited state into cal-
culations, the SO constant for the ground state changes from —243.31 to —253.56
cm!. On the other hand, the 4gq for the isolated 4 2Hg state is nearly the same
(-298.57 cm™!) as in this case, with a value of ~296.61 cm!, only 2 cm! smaller.

Furthermore, in order to investigate the probability of transitions amongst
different spin—orbit components (under electric dipole interaction), the transition
dipole moment (R,) between all electronic spin—orbit components are also cal-
culated, and the results for 2Hg3/2—>2Hu3/2 and 2ﬂg3/2—>2Hu1/2 transitions are
presented in Table II. The square of the transition dipole moment from the initial
state m to the final state n is proportional to the transition intensity, and was
calculated from the formula:

anZZZ Z |Rani’mk

i,k o=x,y,z

2

2)
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RENNER-TELLER EFFECT IN SCCS ANION 809

where R MM are the transition matrix elements, and i and k denote the
degenerations of n,m levels (equal two for all spin—orbit components). As could
be expected from the transition rules, only fluorescence from 3/2 to 3/2, or from
1/2 to 1/2 are allowed at linearity. However, upon bending, when the potential
energy curves split and the symmetry of the molecule breaks from linear to the
Cyy or Cyp symmetry group, then such forbidden transitions becomes vibro-
nically allowed. Accordingly, at 10°, the value of Ry,2 between the 3/2 and the
3/2 component is 1 Debye* and 3.6 Debye at cis and trans-bending, respectively
(see Table II), rather small compared to the main 21'[g3/2—>21'[u3/2 transition; Yet,
at 20°, the transition dipole moments are almost the same, and for 25°, the domi-
nant transitions are between different || components. Consequently, based on
these findings, the transition 2[1g3/,—?I1y1/> could in principle occur and be det-
ected experimentally, if the bending vibrations are excited.

TABLE II. The square of the transition dipole moment (in D) between spin—orbit components
in respect to bending angles. See main text for details

Transition
Bending angle, ° Myp—>Myzn  Mgzp=Myn Mgp—>Thgn 23—l 0
cis-Bending trans-Bending
0 22.084 0.000 22.084 0.000
5 21.901 0.066 21.729 0.357
10 20.595 1.010 18.527 3.560
15 16.678 4.295 14.129 7.952
20 10.212 9.830 10.195 11.868
25 4.477 14.318 6.371 15.658

As the illustration of the magnitude of the splittings of the electronic energy
upon bending, a) when SO coupling is neglected, and b) by taking into account
the SO coupling, the electron energy splittings from 0 up to 25° are presented , in
Fig. 4 for the cis-bending (the upper panel), and trans-bending mode (lower
panel). Obviously, in line with Fig. 1, at cis-bending vibrations, the splitting is
small, from 3.4 up to 67 cm™! at 5 and 20°, respectively. Simultaneously, at
trans-bending of the molecule, the PEC splits from 49 up to the 743 cm™!, showing
also that upon trans-bending, the Renner—Teller effect will be strong and that the
splitting of the lines and rather complicated vibronic spectra upon trans-bending
v4 excitation could be expected. The SO splitting is largest at linearity, and then
upon bending its effect is to move the energies of the higher state up and the
energy of the lower state down, but this effect gradually decrease with enhan-
cement of the bending angles.

Finally, now the vibronic levels calculated by employing the model for the
combined treatment of the Renner—Teller and spin—orbit couplings (see Comput-

* 1 Debye =3.33564x10°° C m
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810 JEROSIMIC, MITIC and MILOVANOVIC

ational methods section) are presented. By fitting the mean potential and half the
difference between ab initio calculated adiabatic potentials (depicted in Fig. 1),
the force constants kT, kc and Renner—Teller parameters, eT and ec, were calcul-
ated (via, e.g., Eq. (32) and (33) in Ref. 29) and their values are: kit = 0.1107366,
kc =0.1902430, e1’ = 0.0281897, and ¢’ = 0.0022725, in units Hartree rad—>2;
these force constants and Renner—Teller parameters are defined in terms of curvi-
linear symmetry coordinates. They can be easily transformed to those in terms of
normal coordinates (e.g., Refs. 19, 28, 29), to obtain wt = w4 = 412.563 cm™ !,
wc = ws = 173.494 cm™!, e = 4 = 0.254565, and ec = &5 = 0.011945, where
Renner—Teller parameters are now dimensionless. Defined in terms of normal
coordinates, these constants can be compared to the ab initio obtained frequen-
cies (see Table I), and along with the spin—orbit coupling constant of —253.56
cm! are used as the input parameters for the computer program.

Cis-bending
My1)0
- 4115 a— )
Fi27 ;186 58 39
0 cm~t ] o i ]
st - — g .
127 —115 .—86 =58 T
21—[ % —
u,3/2 —
0 deg. 5 deg. 10 deg. 15 deg. 20 deg.
Trans-bending —
F 417
<429
21‘[{]’1/2 —
—_— —_— 454
'4127 i e 428 743
P Teo
—_— 49 194 ~
—127 —100
.}21—[ 4
u3/2 1 .—54
=29
> 17
0 deg. 5 deg. 10 deg. 15 deg. 20 deg.

Fig. 4. Tllustrations of the splitting of the X 1, electronic energy state upon cis- and
trans-bending and spin—orbit coupling.

It is assumed that the quantum numbers K =/+ A and P = K + X correspond-
ing to the z-component of the vibronic angular momentum excluding and
including spin, respectively, are good quantum numbers (/ = /4 + /5 is the quan-
tum number for the vibrational bending angular momentum, A for electronic orb-
ital, and X for spin angular momentum along the molecular axis). Additionally, as
stated previously, the quantum number € in this case is also a good quantum
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RENNER-TELLER EFFECT IN SCCS ANION 8 1 1

number and hence, the equality P=K +X =17+ A+ X =]+ Q can be equally
written, where strictly speaking only the quantum number of the total angular
momentum, P, is the good quantum number. Due to this, the treatment of the
Renner—Teller effect could be carried out separately within a particular K and P
(i.e., XY) subspace. In the present work, K, A, /, ¥, Q and P were considered
signed quantities, but because vibronic levels with |K| # 0 (and |P| # 0) are in the
applied model always doubly degenerate, only nonnegative values for K were
calculated. The symmetry of the vibronic levels is determined by the direct
product of the electronic, trans- and cis-bending species, i.e., in the case of a I,
electronic state, the total symmetry will be of ITyx(ITg)"™(ITy)*“ symmetry and
therefore, the vibronic states are of g-type symmetry if the vibrational quantum
number for cis-bending mode, v¢, is odd and are of u-type if v¢ is even. The
situation is opposite for the electronic state with g-type symmetry (4 2Hg state).
K = 0 vibronic levels, i.e., £ levels (not to be mixed with the quantum number X),
can be characterized additionally with + or — according to their symmetry with
respect to o, reflection. Therefore, calculated vibronic states are labeled as
28+1K|P\,u/g-

A list of low-lying energy levels and their energies are given in Table III for
X 2135 (and in Table S-5 for X 2I1,;/;) spin—orbit component of the ground
state.

Now, the vibronic levels presented in Table Il were analyzed. When only
the cis-bending mode is excited (e.g., in v4vs = 01, 02, 03, 04,...), there is no
splitting of the energy according to different /5 or K values and consequently, the
Renner—Teller effect is negligible and inactive in these cases. On the contrary,
when only the trans-bending mode is excited (in v4vs = 10, 20,...), the splitting
of [4 =+1 and —1 levels is 28.3 cm™! for 10, and between /4 = +2 and -2 levels, it
is 38.3 cm! for 20 excitation, which is the consequence of the relatively strong
Renner—Teller effect in the trans-bending mode. In combined excitations (11, 12,
13, 21,...), the levels are grouped according to different /4 values. The same
conclusion is also valid for the other spin—orbit component (see Table S-5).

Now, the possible transitions from the lowest-lying vibronic level in the
excited 4 2Hg state (in the Q = £3/2 spin—orbit component of this state), labeled
as 1 2H3/2g, to the various vibronic levels in the ground state could be examined,
in order to possibly assign the unassigned lines in the disperse fluorescence
spectrum recorded for SCCS~ species (Table IV, Ref. 1). When the molecule is
linear, the only possible transition from the 1 2H3/2g vibronic state, according to
Table 11, is to the vibronic levels in the lowest 3/2 spin—orbit component of the
ground state (i.e., the transition 2Hg3/2%2Hu3/2). Furthermore, due to parity for-
bidden g—g transition, the fluorescence is possible only to ungerade (u) vibronic
levels in the ground state. Subsequently, in the dispersed fluorescence spectra, one
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can see in principle the frans-bending excitations and only even cis-bending
excitations in the ground electronic state. Additionally, the operative selection rules

TABLE III. The low-energy vibronic levels in the X 21,3/, component of the ground state of
SCCS". AE is relative energy in respect to the lowest vibronic level 1 2I13,,; the *IIy, levels
are marked in bold. See main text for further details

Q=+3/2
(A=landX=1/2,0or A=-landX=-1/2)

V4Vs  ValyVslsA ZSHI(\P\,u/g E AE | V4Vs  ValavslsA ZSHI(\P\,u/g E AE
cm’! cm’! cm’ cm’!

00 00001  1M,,° 4540 00 | 13 11331 *Hyp, 13765 9225
01 00111 *Nspy 6275 1735 11311 0., 13766 922.6
001-11 Tipe 6275 1735 113-11 Ty, 13766 922.6
0011-1 T 6275 1735 113-31 M, 13767 9227

02 00221 20,,,  801.0 347.0| 21 20111 Asne 13748 9208
00201 My 801.0 347.0 201-11 ipe 13748 9208
002-21 M 801.0 347.0 20-111 L. 13748 9208

10 1-1001 S0 827.8 373.8 2-21-11 *Asp, 13882 9342
1100-1 S 827.8 373.8 2-2111 Tihe 13883 9343
11001 *Aspy 856.1 4021 21-1-1  ’%,,, 13883 9343

03 00331 Tope 9745 5205 221-11 Nsp, 14265 9725
00311 *Aspe 9745 5205 22111 Top, 14264 9724
003-11 Tipe 9745 520.5| 06 00661 Kisne 14949 1040.9
0031-1 Xihe 9745 5205 00641 "Hype 14948 1040.8
003-31 *Aspe 9745 5205 00621 20y, 1494.8 1040.8

11 1-1111 My, 10013 5473 00601 My, 14948 1040.8
1-11-11  °TI,,, 10013 547.3 006-21 Myp 14949 1040.9
11111 D, 1029.6 575.6 006-41 205, 1495.0 1041.0
111-11 My,  1029.6 575.6 00661 "Hyp, 14952 10412

04 00441 *Hype  1148.0 694.0| 14  1-1441 Topn, 15217 1067.7
00421 2D, 11479 6939 1-1421 *Aspe 1521.6  1067.6
00401 My, 11479 693.9 1-1401 o 15216 1067.6
004-21 Mp,  1148.0 694.0 1140-1 T 15216 1067.6
00441 205,  1148.1 694.1 1-14-21 Aspa 15217 1067.7

12 1-1221 Asp, 11747 7207 1-14-41 T, 1521.8 1067.8
1-1201 S 11747 7207 11441 Tiype 1550.0  1096.0
1120-1 S 11747 7207 11421 Ton,  1550.0 1096.0
1-12-21 Ay 11748 7208 11401 Aspa 1550.1  1096.1
11221 Ton,  1203.1 749.1 114-21 DI 1550.2  1096.2
11201 Aspe 12031 749.1 1-142-1 %, 15502 1096.2
112-21 S 12031 749.1 114-41 Ayne 15503 1096.3
1-122-1 %%, 1203.1 749.1| 22 20221 M, 15482 1094.2

20 20001 My, 12013 7473 20201 My, 15482 1094.3
2-2001 My, 12147 760.7 20221 20, 15483 1094.3
22001 20, 1253.0 799.0 2-22-21 s, 15617 1107.7

05 00551 Mi3ne 13214 867.4 2-2201 M, 1561.8 1107.8
00531 Typ, 13214 867.4 2-2221 My, 1561.8 1107.8
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00511 *Asp, 13214 867.4 22221 Hyjpe  1599.9 11459
005-11 T 13214 8674 22201 20, 15999 11459
0051-1 e 13214 8674 222-21 My,  1598.9 11449

TABLE III. Continued

Q=43/2
(A=landX=1/2,0or A=-landX=-1/2)

25+1 E AE

V4Vs ValgvslsA Kipug om’! om!
05 005-31 Asg 1321.5 867.5
005-51 Ty 1321.6 867.6
13 1-1331 20, 1348.2 894.2
1-1311 Ty, 1348.1 894.1
1-13-11 T 5, 1348.2 894.2
1-13-31 D5, 1348.3 894.3

are AK = AP = 0 in the levels in which one or more bending modes are excited
(see e.g., Ref. 36), therefore transitions to the 2I13/,, vibronic states in the ground
state (marked bold in Table III) are expected.

In the dispersed fluorescence experiment in which the analyzed spectrum
was recorded, the excitation laser frequency was set to a fixed value of 18423
cm!, which is the frequency of the origin band assigned by rotationally resolved
LIF excitation spectrum (the band 0;).! Upon fluorescence from the initial
1 2H3/2g level, the transition frequencies to the final states in the ground state
have lower values, depending, of course, on the relative energies of the levels in
respect to the ground 1 2I13/, level. Therefore, this experimental setup enables
direct energy determination of the vibronic levels in the ground state to which the
transitions are allowed. Most of the bands in the recorded spectrum are prog-
ressions with =500 cm~! separation. This frequency was assigned to the funda-
mental vibration of the v, stretching mode (see also Table I), with the effective
value of @ =502.58 cm 1.l No pure bending modes below this value were
detected. However, there were some bands with positions above 500 cm™! from
the origin band that are of low intensity and that could be assigned according to
the obtained results. Namely, it could be seen in Table III that the first excited
2[13/5,, vibronic state is 347.0 cm~! above the lowest vibronic state, which corres-
ponds to the second overtone of the cis-bending vibration (v4vs = 02). In the
spectrum, one band was moved by 849 cm! from the origin, which could be
assigned, according to the results in this work, as the band 25, i.e., as the com-
bined excitation of the v, mode (with a frequency for 2/ of 501 ¢cm~!) and vs
mode (348 cm™1), Indeed, the value of 348 cm™! is in very good agreement with
the in this work obtained value of 347.0 cm~!. Furthermore, in Table III, the
relative energy of the 2[5, state obtained by the 20 excitation is 747.3 cm ™1,
which corresponds to the second overtone of the trans-bending mode. This fre-
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quency was associated to the detected 737 cm! band position in fluorescence
spectrum and hence, this band could be assigned as 4;. The third unassigned band
in the dispersed spectrum was the band at 1236 cm~! from the origin, which
could be assigned to a combination band 214, the combined v (501 cm™!) and
v4 (735 cm1) vibrational mode that would lie from the present calculations at a
bit higher value of 1248.3 cm!. These and other possible assignments are pre-
sented in Table IV.

TABLE IV. Assignments of the bands recorded by the dispersed fluorescence spectroscopy by
Nakajima et al.,! using vibronic levels calculated in this work

Band position?, cm™!  Vibronic state® (valsvs/sA) 257K p g AE®/ cn’! Assignmentd
0 (00001) 1 2I15,5, 0 0,2
501 - 501 2)8
737 (20001) 20155, 747 (+10)¢ 4
849 (00201) 25, 848 25,
1003 - 1002 252
1236 (20001) 25,5, 1248 (+12) 204
1503 - 1503 272
1645 (222-21) U3y, 1646 (+1) 204750 7
1727 (20001) 21135, 1749 (+22) 24
1962 — 1962 172
2002 - 2004 2,2
2059 (20201) T3, 2096 (+37) 2,455, ?
2143 (222-21) 23, 2147 (+4) 2,4,5,?
2200 (20001) I3, 2250 (+50) 2.4,
2460 - 2463 1722
2501 - 2505 202
2558 (20201) T3, 2597 (+39) 20405,
2957 - 2964 172; 2
2996 - 3006 2,2
(20201) 2H3/2u or 3056 (+4) 0 40 20
3052 (2-2221) 2Ty 0, 3070 (+18) 145,
3159 (20001) 25, 3210 (+51) 17204,
3454 - 3465.0 172] 2
3539 (20201) T3, 3557 (+18) 112/4)5]
3900 - 3924 152
3949 — 3966 12, 2

8From Ref.1; Yin this column the bending vibronic states of the X 2Hu state of SCCS™ (see Table III) involved in
the transition are presented; °the relative energy AE is computed as the sum of the relative energy of a vibronic
state obtained in this work (and shown in Table III) and stretching vibrations taken from the 2, and 1, bands,
with the values fixed to: w; = 1962 em’l, =501 em’l; dassignments followed by a question mark are
questionable; ®in parentheses, 3" column, we show the deviations of calculated values from experimental band
positions

According to the above assignments, the computed frequencies of the 4(2) and
52 bands are close to the experimental values, especially in the case of the cis-
bending mode. The frequency for the frans-bending mode is somewhat higher
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than the experimental one. However, when the input parameters for the program
are changed, and the values for frequencies fitted from the potential curves up to
p=15° (instead of 20°) are used, a value of 347.4 cm! is obtained for the 02
I35y level, nearly equal to 347.0 cm! (see Table III), and for the 20 2II3/,
vibronic state, a relative energy of 730.3 cm! is obtained, lying closer to the
experimentally determined value of 737 cm™! than the calculated value of 747.3
cm! (Table III). Additionally, the trans-mode exhibits a pronounced anharmon-
icity because, for higher frequencies, the experimental values are significantly
lower than expected from the developed model, which use a harmonic approx-
imation.

CONCLUSIONS

Using the model for the Renner—Teller effect in any-atomic linear species
developed by Peri¢ and coworkers in its variational form,” the vibronic levels in
the ground X 2I1,, state of SCCS~ were calculated. It was demonstrated that the
Renner—Teller effect is significant in the trans-bending mode of vibration, pro-
ducing splitting of the excited bending levels into several components; on the
contrary, it is inactive in the cis-bending mode. Accordingly, previously unas-
signed bands from the LIF spectrum were assigned. Furthermore, the spin—orbit
splitting of the two components in the ground electronic state was calculated to
be 253 cm!, being the reason for classifying the vibronic levels into different
spin—orbit electronic components. On the account of relatively good agreement
of the calculated vibronic levels with experimental data, the description of bend-
ing vibrations and the vibronic spectrum obtained in the current work could help
in further experimental investigations and detection of the title species.

SUPPLEMENTARY MATERIAL

Detailed data obtained as results of computations are available electronically from
http://www.shd.org.rs/JSCS/, or from the corresponding author on request.
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WU3BOM
SCCS™ PAOIUKAJL: PEHEP-TEJIEPOB E®EKAT Y OCHOBHOM EJIEKTPOHCKOM CTARBY
CTAHKA B. JEPOCUMUR, MAPKO Jb. MUTUR u MWJIAH 3. MWIOBAHOBUR
Qaxynimedi 3a Qusuuxy xemujy, Ynusepsutiei y beoipagy, Cuygeniticku wipi 12—16, IIAK 105305,
11158 Beoipag

SCCS" je merexToBaH moMohy JjlacepCckH HHAYKOBaHe (IyopeclieHTHe CHeKTPOCKOIHje
2003. ropuHe (M. Nakajima, Y. Yoneda, Y. Sumiyoshi, T. Nagata, Y. Endo, J. Chem. Phys.
119 (2003) 7805), HakoH Yera je HOOHMjeHH CIEKTap aHAIM3WpPaH U Pe3yJITaTH MpelCcTaB/beH!
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3ajemHo ca mojanuma godujeHuM nomohy ab initio uspauyyHaBawa. CuMeTpuuHe ucTexyhe
Bubpanyje cy acHTHUpaHe H y ocHoBHOM X 2I1, u y npsom moSyhenom A 2l'[g €JIEKTPOHCKOM
cTawy, MehyTHM HHCYy 00jaB/beHH NMOJAIM O CIIHH—-OPOWTHOM Liemamwy HHUTH O caBHjajyhum
BUOpaLIMOHUM MOZIOBMMA. Y OBOM pafly padyHaTH Cy BUOPOHCKM HUBOM OCHOBHOT €JIEKTPOH-
ckor crama SCCS™ momohy mopnena 3a TpetmaH Penep-TenepoBor edexra y JHHEAPHUM
BpcTaMa ca duio kojum dpojem atoma, koju cy pa3suiu [lepuh u capagauuu y dopmu Bapu-
jauuoHor pauyHa (M. Miti¢, R. Rankovi¢, M. Milovanovié, S. Jerosimi¢, M. Peri¢, Chem. Phys.
464 (2016) 55), xopuctehu mputom ab initio meTomy BUlIepedepeHTHe HHTepaKIuje KOHDU-
rypaudja 3a jodujame KpUBUX MOTeHUHWjanHe eHepruje y bopH—OneHxajMepoBoj ampoKcH-
Mauuju. JJooaTHO, HCTPAKUBAHO je CMTUH—OPOUTHO Ilerame Y OCHOBHOM €JIEKTPOHCKOM CTamby
y3uMajyhu y o03up uHTepakuujy ca npBUM mnobdyheHUM cTawmeM, W oOjaBbeHe eHepruje
nobujeHe mMomMohy KOMOMHOBAHOI TpeTMaHa BHUODOHCKE W CIUH—OpPOMTHE HHTEpakuuje y
OCHOBHOM cTawy. Ha kpajy, Ha Da3u cajaiimux pesynaTaTa MpelyiokeHe Cy acHrHaIuje Tpaka
Koje Hucy dune acuraupane y pagy Nakajima et al.

(ITpummeno 1. anpuna, npuxsaheno 6. maja 2019)
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